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ABSTRACT 
 
Cyanobacteria represent a serious health hazard for humans and 
animals, due to their ability to produce a wide range of secondary metabolites 
including powerful toxins, among which hepatotoxins (e.g. microcystins, MCs) 
and neurotoxins (e.g. anatoxin-a, ATX). They are able to develop with higher 
biomasses in nutrient enriched and thermally stable lakes, and the occurrence of 
cyanobacterial blooms is increasing worldwide.  
The deep lakes south of the Alps (i.e. Garda, Iseo, Como, Maggiore, 
and Lugano) represent the most important lake district in Italy, and have a 
strong economic and natural value. One of the dominant cyanobacteria in these 
lakes was represented by Planktothrix rubescens, which includes toxic strains 
responsible of the production of different types of MCs. Nevertheless, in the last 
decades the deep subalpine lakes went through a change in trophic status and 
suffered the effects of global warming. At the same time, they experienced the 
rapid spread of cyanobacterial blooms due to an invasive species, 
Dolichospermum lemmermannii, a potential producers of MCs and anatoxin-
a(s). This species appeared for the first time in Lake Garda at the beginning of 
the 1990s and progressively, summer blooms were observed in lakes Iseo, 
Como and Maggiore. The exact causes which have determined these huge 
changes were poorly known. Moreover, besides the widespread of a large 
number of MCs congeners in the deep subalpine lakes, the presence of ATX 
was reported in all the lakes, except Lugano. In this lake district, P. rubescens 
was considered the main responsible for MCs production, while the ATX 
producers resulted unknown, which pointed out the importance of properly 
identify the toxin producers. Besides, the appearance of new species, the 
development of blooms, and the consequent potential increase of cyanotoxins 
can impact the safety of water resources for human use.  
The general aim of the PhD project was to identify, at species and strain 
level, cyanobacteria producing toxins in the deep lakes south of the Alps. A 
multidisciplinary approach, including taxonomic, phylogenetic and 
metabolomics analyses, was undertaken on environmental samples and isolated 
strains, to fill in the picture about the distribution of the dominant toxigenic 
species in one of the most important lake district in Europe. The project was 
developed on selected target species, resulted the most nuisance taxa in the deep 
subalpine lakes in this decade, D. lemmermannii and Tychonema bourrellyi.  
In this study, the pelagic Oscillatoriales T. bourrellyi was identified in 
Lake Garda for the first time and afterwards, in the other deep subalpine lakes, 
except Lake Lugano. In all these lakes were identified toxic genotypes, able to 
produce both ATX and homoanatoxin-a, which were probably the responsible 
of ATX levels in these basins. In Lake Garda, the quantitative determinations on 
environmental samples, showed the greater importance of this species. Besides, 
the analysis demonstrated the increase of ATX and the opposite trend of MCs.  
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The study of D. lemmermannii revealed its ability to develop with high 
biomass in the warmest months (>15°C), although with a low contribution to 
the total epilimnetic cyanobacterial biovolume. The analysis of the distribution 
of sub-fossile akinetes preserved in deep sediment showed the establishment of 
this species in Lake Garda around the middle of the 1960s, which was 
concurrent to the rapid increase in total phosphorus and water temperature. The 
spreading of D. lemmermannii from northern regions towards southern Europe, 
raised concerns due to its ability to produce cyanotoxins. Nevertheless, this 
study demonstrated the inability of populations settled in the deep subalpine 
lakes to produce a wide range of toxins. On the contrary, MCs production was 
observed in North European strains. Differences in D. lemmermannii genotypes 
resulted highly influenced by geographic distance, and the establishment of 
phylogenetic lineages adapted to specific habitats was likely favoured by the 
contribution of geographic isolation, physical barriers and environmental 
factors.  
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1. INTRODUCTION 
 
1.1 Cyanobacteria 
Cyanobacteria (blue-green algae) are ancient photosynthetic prokaryotes 
globally distributed. Their ability to withstand adverse and extreme 
environmental conditions (high salinity, high and low temperatures, intermittent 
desiccation, high solar irradiation) has made them excellent colonizers and 
among the most present organisms on Earth (Whitton, 2012). The advantage 
over competitors is also due to special adaptions, like nitrogen fixation, 
buoyancy regulation, light harvesting pigments, and differentiated cell types for 
resting (Kaebernick and Neilan, 2001). 
Cyanobacteria live in a diverse range of environments, including fresh-, 
brackish- and marine waters, and the illuminated surfaces of rocks and soils. In 
aquatic environments they commonly exist as planktonic members of the water 
column, in dispersed form or as aggregates, but can be even found attached to 
shoreline rocks and sediments. In nutrient enrichment conditions cyanobacterial 
mass populations can for blooms, scums and biofilms or mats. Nowadays, the 
anthropogenic pressures forces eutrophication process by the increase of 
nutrient loading in freshwater and coastal environments. In concurrence with 
proper conditions of temperature, light penetration, pH, and inlake water 
residence time, the massive growth of cyanobacteria can be favoured (Schindler 
2006; Meriluoto et al., 2016). Hence, the occurrence of cyanobacterial blooms 
is increasing worldwide. Besides the negative effects on ecosystem biodiversity, 
the appearance of blooms and the consequent release of odour and taste factors 
can impact the aesthetic quality and safety of water resources for human use 
(e.g. drinking water supplies, irrigation, industrial processing, recreation and 
tourism) (Meriluoto et al., 2016).  
Cyanobacteria synthesise clorophyll-a and most of them are able to 
produce phycobilin proteins and phycocyanin, which give the cells the common 
bluish colour, while some groups produce the red accessory pigment 
phycoerythrin (Whitton, 2012). Among the wide range of secondary metabolites 
synthesised, the release of cyanotoxins into recreational and drinking water 
raises concern about the negative implications for public health and the 
environment (Kaebernick and Neilan, 2001; Pearson and Neilan, 2008).  
 
1.2 Cyanotoxins 
The exposure to cyanobacterial toxins is associated with adverse health 
effects on human and animals. Toxicoses can be attributed to cyanobacterial 
cells or directly to toxins after the extracellular release in the water phase. 
Different cases were reported, involving wild and domestic mammals, birds, 
amphibians, fish, and human poisoning (Falconer, 1996; Onodera et al., 1997; 
Chorus et al., 2000; Carmichael, 2001; Codd et al., 2005; Hoff et al., 2007). 
Health risks derived by swimming and other recreational activities in water 
bodies, by drinking water or otherwise consuming tissues or dietary 
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supplements that have accumulated the toxins (Dittmann et al., 2013). On 
human, the effects of cyanotoxins exposure can manifest themselves as 
gastroenteritis, nausea, vomiting, fevers, flu-like symptoms, sore throat, 
blistered mouth, ear and eye irritation, rashes, myalgia, abdominal pains, 
pulmonary consolidation, visual disturbances, kidney damage, and liver damage 
(Codd et al., 2005). 
Cyanotoxins can be grouped according to the chemical structure as 
cyclic peptides (microcystin and nodularin), alkaloids (anatoxin-a, anatoxin-
a(s), saxitoxin, cylindrospermopsin, aplysiatoxins, lyngbyatoxin-a) and 
lipopolysaccharides, however are more commonly classified in terms of their 
pathology: neurotoxins, hepatotoxins, cytotoxins and irritant toxins (Kaebernick 
and Neilan, 2001) (Fig. 1). Among them, the neurotoxins and hepatotoxins have 
major implications to public health (Pearson and Neilan, 2008). 
Neurotoxins have been responsible for several animal poisonings 
worldwide. The most common neurotoxin, anatoxin-a (ATX), and its analogue 
homoanatoxin-a (HTX) are postsynaptic, cholinergic neuromuscular blocking 
agents, which act by molecular mimicry of the neurotransmitter acetylcholine, 
while the anatoxin-a(s) inhibits acetylcholinesterase activity. Saxitoxins (STX) 
block the sodium channels  and are part of a greater group of neurotoxins 
involved in paralytic shellfish poisoning (PSP), called PSPs (Carmichael 1997; 
Carmichael 2001; Codd et al. 2005). The final effect of all the neurotoxins is the 
interference with the transmission of signals in neurons or across the 
neuromuscular junction, leading to muscular paralysis and, at worst, death due 
to respiratory failure (Hoff et al., 2007). 
Hepatotoxins have been most often associated to toxicoses, concerned 
animals deaths and have been responsible for human illness and death, reported 
from India, China, Australia and Brazil (Carmichael, 1992). This group include 
the cyclic heptapeptide microcystins (MCs), of which over 100 structural 
variants have been described (Puddick et al., 2014). All the chemical forms 
share the common structure, cyclo (-D-Ala-X-D-MeAsp-Z-Adda-D-Glu-Mdha-) 
and are mostly variable in the L-amino acids at positions 2 and 4, with 
demethylation at positions 3 and/or 7 (Sivonen and Börner, 2008; Metcalf and 
Codd, 2012). Microcystins and nodularin (NOD), a cyclic pentapeptide, inhibit 
eukaryotic protein phosphatases causing excessive phosphorylation of 
cytoskeletal filaments and changes in hepatocyte membrane integrity and 
conductance, eventually leading to liver failure. Besides, these toxins are 
tumour promoters (Carmichael, 1992; Falconer, 1998). A third common 
hepatotoxin, the alkaloid cylindrospermopsin (CYN), suppresses glutathione 
and protein synthesis. Although the liver results the main organ affected, this 
toxins has cytotoxic effect and is able to affect a wide variety of organ and 
tissue. Moreover, is able to cause dermatotoxicity and genotoxicity, including 
the breakage of double stranded DNA (Runnegar et al. 1995; de la Cruz et al. 
2013). 
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The exact role of the production and excretion of secondary 
metabolites, such as cyanotoxins, it is not yet understood, however it has been 
suggested that they may play a role in attracting beneficial bacteria while at the 
same time repelling antagonistic ones and higher order grazers (Paerl and 
Millie, 1996). 
 
 
 
 
 
 
Figure 1. Chemical structures of the most common cyanobacterial hepatotoxins (a,b,c) 
and neurotoxins (d,e,f) (Kaebernick and Neilan, 2001). 
 
1.3 Cyanotoxin gene clusters 
Biosynthetic pathways have been assigned to the majority of known 
cyanobacterial toxins and revealed unique biochemical features. Cyanotoxins 
are produced by multifunctional enzyme complexes containing both non-
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ribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) modules 
(Dittmann et al., 2013).  
The gene clusters encoding the biosynthetic enzymes, mcy 
(microcystin), have recently been sequenced and partially characterised in 
several cyanobacterial species, including Microcystis, Anabaena, Planktothrix 
and Nodularia (Tillett et al., 2000; Christiansen et al., 2003; Moffitt and Neilan, 
2004; Rouhiainen et al., 2004) (Fig. 2). In all genera, MCs biosynthesis follows 
the same string of reactions, despite some differences in domain specificities, 
organization of operons and genes, and open reading frames (ORFs) 
arrangement (Neilan et al., 2013). In the microcystin biosynthetic gene cluster, 
the mcyE is a mixed NRPS-PKS gene (Tillett et al., 2000) encoding the 
glutamate-activating adenylation domain (ADDA), which is responsible for 
toxic properties. Despite the presence of the mcyE gene it was described even in 
non-MCs-producing cyanobacteria, this is a very sensitive molecular marker for 
the determination of potential hepatotoxic cyanobacteria in environmental 
samples (Rantala et al., 2006; Mankiewicz-Boczek, 2012).  
 
 
 
 
Figure 2. Hepatotoxin gene clusters from various cyanobacteria. Structures of the 
microcystin and nodularin gene clusters of (a) N. spumigena, (b) M. aeruginosa, (c) P. 
agardhii and (d) Anabaena sp. 90, showing genes encoding polyketide synthases (red), 
non-ribosomal peptide synthetases (yellow), tailoring enzymes (green) and ABC 
transporters (blue) (Pearson and Neilan, 2008). 
 
 
The biosynthesis gene cluster for anatoxin-a (ana) was described in 
Oscillatoria sp. and in Anabaena sp. (Cadel-Six et al., 2009; Méjean et al., 
2009; Rantala-Ylinen et al., 2011) (Fig. 3). In the two genera, the ana gene 
cluster encode seven biosynthetic proteins, suggesting a common biosynthetic 
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pathway. The main differences were determined in the genetic organization of 
the cluster, which differed for the orientation of some genes (Méjean et al., 
2009; Rantala-Ylinen et al., 2011). The anaC and anaF genes were successfully 
used for the identification of ATX production in cyanobacteria (Ballot et al., 
2010a; Rantala-Ylinen et al., 2011; Shams et al., 2015; Salmaso et al., 2016). 
The anaC gene encodes a NRPS type adenylation domain protein, whereas the 
anaF gene contain a PKS domain (Méjean et al., 2010). 
 
 
 
Figure 3. The ana clusters so far identified in cyanobacteria. The genes are colour 
coded for clarity, and the clusters were aligned starting from anaB (yellow). 
Transposase genes are hatched. Genes that have no function in the biosynthesis of 
anatoxins, in Anabaena flos-aquae 37, are white (Méjean et al., 2014). 
 
 
1.4 The deep lakes south of the Alps 
The large and deep lakes south of the Alps (Garda, Iseo, Como, 
Lugano, and Maggiore) represent the most important lake district in Italy, 
including over 80% of the surface freshwater resources (Fig. 4). They are 
narrow and elongated, with a maximum depth comprised between 251 and 410 
m (Tab. 1), which brings to a complete mixing only during cold winters 
(oligomixis). These lakes are located at different altitudes, ranging between the 
65 m of Lake Garda and the 271 m of Lake Lugano. The broad hydrographic 
network of which they belong, that discharges in the River Po, is extensively 
used in hydropower plants, agriculture, industry, and as drinking water supply. 
The economic value of this renowned region is farther increased by tourism and 
the growing numbers of visitors and residents results in a wide use of these 
lakes for recreational activities (Salmaso and Mosello, 2010). 
During the post-war economic growth of the 1960s, the boom of 
intensive agriculture and tourism industry in the subalpine region led to a 
significant increase of nutrients (Salmaso & Mosello 2010; Milan et al. 2015). 
At the end of the 1980s, the eutrophication process had already reached 
conditions of oligomesotrophy in Lake Garda, meso-eutrophic in Lake 
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Figure 4. Geographical location of the deep lakes south of the Alps in northern Italy 
(Salmaso and Mosello, 2010) 
 
Maggiore, eutrophy in lakes Como and Iseo, and eutrophy-hypereutrophy in 
Lake Lugano. The following restoration measures, like waste water treatment, 
partially or completely recovered lakes from eutrophication, inducing a general 
decrease in nutrients. At present, the lakes have stabilised around conditions of 
oligotrophy (Maggiore), oligo-mesotrophy (Garda, Como), meso-eutrophy 
(Iseo), and eutrophy (Lugano) (Salmaso and Mosello, 2010; Salmaso et al., 
2012). Besides the increase of phosphorus content, in the last 40 years the deep 
subalpine lakes experienced a water temperature warming. This rising trend  
(0.1–0.2 °C per decade) is coherent with those observed in other large lakes in 
the northern side of the Alps, in Europe and in North America (Salmaso et al., 
2007). Climate change had a reinforcing effect on anthropogenic pressure in the 
modification of composition and structure of phytoplankton community 
(Salmaso et al., 2007; Salmaso and Mosello, 2010).  
The deep subalpine lakes sustain a rich aquatic biodiversity (Salmaso 
and Mosello, 2010) and the development of phytoplankton groups were 
influenced by concurrent factors, as the large-scale atmospheric patterns over 
the Atlantic and the Mediterranean regions, the winter air and spring water 
temperature, the extent of the spring lake overturn, and the extent of nutrient 
enrichment (Salmaso et al., 2012). Nevertheless, the composition of the 
phytoplankton community is highly comparable among the lakes, and the main 
differences are represented by the dominance relationships among the more 
abundant taxa. In general, Lake Como shows intermediate characteristics 
between eastern lakes (Garda and Iseo) and the western ones (Lugano and 
Maggiore). Besides, they share a common seasonal pattern, with the 
development of large diatoms during spring, a diversified community in 
summer, and cyanobacteria and Chlorococcales in summer and autumn 
(Salmaso and Mosello, 2010). 
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Table 1. Morphometric and hydrological characteristics of the deep lakes south of the 
Alps (Salmaso and Mosello, 2010). 
 
 
Garda Iseo Como Lugano1 Maggiore 
Altitude (m a.s.l.) 65 186 198 271 193 
Area (km2) 368 62 146 28 213 
Maximum depth (m) 350 251 410 288 370 
Mean depth (m) 133 123 154 171 178 
Volume (km3) 49.03 7.57 22.5 4.69 37.5 
Catchment area (km2) 2290 1842 4508 297 6599 
Mean outflow discharge 
(m3 s−1) 
58.4 58.7 158.0 12.0 291.3 
Renewal time (years) 26.6 4.1 4.5 12.4 4.1 
Cryptodepression (m) 285 65 212 17 177 
1Northern basin. 
 
1.5 Cyanobacteria and cyanotoxins in the deep lakes south of the Alps 
In the deep subalpine lakes, cyanobacteria represent one of the most 
dominant phytoplankton groups. The lists of the more abundant cyanobacteria 
species were highly comparable among these lakes (Salmaso and Mosello, 
2010). During the 1970s, Planktothrix rubescens appeared in Lake Garda, and 
are now among the dominant taxa in all the subalpine lakes communities, with 
the highest biovolumes in lakes Iseo and Como (Salmaso and Mosello, 2010; 
D’ALELIO et al., 2011; Salmaso et al., 2014). Except for Lake Lugano, a 
bloom-forming species, Dolichospermum lemmermannii, appeared in this lake 
district from the 1990s and, at the same time, a spreading of Microcystis 
aeruginosa blooms was observed in lakes Como, Iseo and Lugano. Another 
differences was represented by the presence of Aphanizomenon flos-aquae in 
Lake Maggiore and its strong development in Lake Lugano (Salmaso & 
Mosello 2010; Salmaso 2000.; Salmaso et al. 2003). The presence of 
Tychonema bourrellyi was documented since the second half of the 2000s only 
in Lake Maggiore (International Commission for the Protection of Italian-Swiss 
Waters reports) (Salmaso et al., 2016). 
In the deep subalpine lakes, a large number of MCs congeners were 
widespread and the presence of ATX was reported in all the lakes, except 
Lugano. Besides, NOD and CYN were not detected. A study undertaken in 
2009 in this lake district, showed levels of MCs ranging between 1 ng l-1 to 
about 200 ng l-1 and ATX at concentrations ranging from 45 to about 590 ng l-1. 
However, cyanotoxins found in pelagic and epilimnetic zones did not reach very 
high concentrations, compared with lakes with higher trophic status, and the 
majority of MCs variants recorded were less toxic than LR, which WHO uses as 
a reference (Cerasino and Salmaso, 2012a). In this lake district, P.  rubescens 
was considered the main responsible for MCs production, as one of the 
dominant species, while the ATX producers resulted unknown. 
 
12 
1.5.1 Tychonema bourrellyi 
The genus Tychonema (Oscillatoriales) include cold-stenotherm 
filamentous species characterized by keritomized cell content (Anagnostidis and 
Komárek, 1988; Komárek and Anagnostidis, 2005), able to live in environments 
ranging from oligotrophic to eutrophic conditions (Skulberg and Skulberg, 
1985; Komárek et al., 2003). Tychonema bourrellyi is a planktic species first 
described by Lund (1955) in the Windermere lake, Lake District, in Northern 
England. It grows as solitary, free-floating trichomes, and develop mass 
populations usually in metalimnetic layers (Komárek et al., 2003). The presence 
of large vacuoles irregularly distributed within the cells, instead of gas vesicles, 
confer to this species a special buoyancy strategy (Komárek and Albertano, 
1994) (Fig. 5).  
Abundant populations were described in colder lakes of Northern 
Europe and Canada (Kling and Holmgren, 1972; Skulberg and Skulberg, 1985; 
Komárek and Albertano, 1994; Komárek et al., 2003). Recently, T. bourrellyi 
was reported in Lake Erhai (1972 m a.s.l.), in China (Wei et al., 2012). 
Although the authors observed a low cell abundance in the surface, the highest 
biomass was reached in July and was only slight correlated with water 
temperature, total phosphorus, total nitrogen, and Chlorophyll-a. 
 
 
Figure 5. Micrographs of T. bourrellyi isolated in Lake Garda in 2014. Observations 
made at 400X and phase contrast. Scale bars = 10 µm.  
 
1.5.2 Dolichospermum lemmermannii 
The genus Dolichospermum belongs to nostocalean heterocytous 
cyanobacteria, the different species of which share the special characters of 
metameric structure of solitary floating trichomes, with paraheterocytic 
formation of akinetes and gas vesicles in the vegetative cells (Wacklin et al., 
2009). All the Nostocales have the ability to differentiate specialised cells from 
vegetative cells, adapted for the nitrogen fixation, the heterocytes, and for 
survival in harsh environments, the akinetes. The latter, can remain quiescent in 
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bottom sediment and germinate in favourable environmental conditions, 
therefore can serve as dispersal units for spreading in new environments 
(Kaplan-Levy & Hadas 2010; Padisák 1998; Stüken et al. 2006). The akinetes 
shape differs among species and their distribution and position within a filament 
is used as a taxonomic feature within Dolichospermum genus (Kaplan-Levy and 
Hadas, 2010). 
Dolichospermum lemmermannii (Richter) P.Wacklin, L.Hoffmann & 
J.Komárek, first described in 1903 in Northern Germany (e.g. Grosser Ploner 
See; Forti, 1907), is reported in temperate and boreal regions (Komárek and 
Zapomělová, 2007; Lepistö & Holopainen 2008; Skulberg et al. 1994; Willén 
2003) in oligo-mesotrophic and deep, stratifying lakes or mesotrophic shallow 
lakes, with good light conditions (Reynolds et al. 2002; Padisák et al. 2009). Its 
optimum growth temperature is between 13 to 18° C, however it is higher in 
specific strains (i.e. between 18°C and 25°C),which underlines the variability to 
temperature adaptation in this species (Zapomělová et al., 2010). Moreover, the 
morphological features are quite variable, and the development of the akinetes 
at both sides of the heterocyte it is the only stable character for the accurate 
characterization of the species (Komárek & Zapomělová 2007; Zapomělová et 
al. 2011) (Fig. 6).  
 
Figure 6. Micrographs of D. lemmermannii isolated in Lake Lugano in 2015. 
Observations made at 400X and phase contrast. Scale bars = 25 µm.  
 
In the deep subalpine lakes, broad surface blooms of D. lemmermannii 
appeared for the first time in Lake Garda at the beginning of the 1990s, between 
July and September (Salmaso, 2000). Following an altitudinal gradient, likely in 
relation to the warming of the region (Callieri et al., 2014), blooms were then 
observed in lakes Iseo (second half of the 1990s), Maggiore (2005), and Como 
(2006). In this lake district, it generally showed a biovolume increase in 
epilimnetic layers in summer stratified conditions and during calm weather, 
when water temperatures were over 16 - 17°C (Salmaso et al., 2012). 
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2. MATERIALS AND METHODS 
 
2.1 Collection of samples and environmental variables 
Field measurements and collection of samples were made at monthly 
intervals in Lake Garda in the layers 0–2, 9–10 and 19–21 m. The sampling 
station was located at the deepest point of the lake. Vertical profiles of water 
temperature were measured with a multi-parameter probe (Idronaut ocean 
Seven 401 and 316 Plus, and Seabird SBE 19-03). The light attenuation 
coefficients (Kd) were measured with a submersible irradiance sensor, LiCor 
192SA. Concentrations of dissolved inorganic nitrogen (DIN), total and soluble 
reactive phosphorus, SRP and TP, and pH analyses were carried out using 
standard methods (Cerasino & Salmaso 2012). Chlorophyll-a, was determined 
by spectrophotometry. The counting of phytoplankton was undertaken on 
samples preserved in acetic Lugol’s solution following the Utermöhl hl method 
in sedimenting chambers. 
 
2.2 Isolation of cyanobacteria strains and morphological characterization 
Water samples for the isolation of cyanobacteria were collected in 
different lakes, in the deepest point of the basins, by vertical tows from 30 m to 
the surface with 25 cm diameter 80 µm mesh plankton nets. Samples were 
stored at 20°C and processed within 24 h. Single trichomes of the selected 
cyanobacteria species, were isolated under a macroscope (WILD M420) using a 
microcapillary. The filaments were washed in Z8 medium (Kotai, 1972) and put 
in wells on microtiter plates filled with 3 mL Z8 medium.  After successful 
growth, the strains were transferred 2 times and maintained in 300 mL 
CELLSTAR (Greiner Bio-One GmbH) cell culture flasks containing 150 mL 
Z8 medium at 20 °C. T. bourrellyi strains were growth under continuous light 
conditions (25 µmol m-2 s-1), whereas D. lemmermannii strains were growth 
under 16:8 h light:dark photoperiod (25 µmol m-2 s-1). Species were determined 
on the basis of morphological and morphometrical traits according to Komárek 
& Albertano (1994), Anagnostidis & Komárek (1988), and Komárek & 
Zapomělová (2007). 
 
2.3 Transmission electron microscope (TEM) 
Cyanobacteria strains were collected together with some of the growth 
medium and fixed overnight in 1.25 % glutaraldehyde at 4° C in filtered sea 
water, then post-fixed in 1% OsO4 in 0.1 M phosphate buffer (pH 6.8) for 1 hr. 
After dehydration in an ethanol series and a propylene oxide step, the samples 
were embedded in Spurr’s epoxy resin (Spurr, 1969). At each step the cells 
were sedimented with a 5 minutes centrifuge step at 1500 g and only the 
sediment was used for the following step. Each solvent was safely substitute 
with micropipettes without losing cells.  
Transverse sections approximately 80 nm thick were cut with a 
diamond knife and a Reichert-Jung ULTRACUT ultramicrotome. The sections 
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were stained with uranyl acetate, lead citrate, and then examined with a Philips 
EM300 TEM at 80 kV. 
 
2.4 Sediment sampling and akinetes analyses 
A sediment core was collected with a gravity Kajak corer (UWITEC, 
Mondsee, Austria) in the deepest point of the basin. The core was vertically 
extruded and sliced at 0.5 cm intervals (0 to 30 cm) and at 1 cm intervals (31 cm 
to the bottom). Sediment core dating was parallelised (Thompson et al., 2012) 
with a core collected previously. 
Samples for the akinetes counting were pre-treated with acids, to 
remove carbonate and silicate crystalline material, and diatom carpets. For each 
layer, 2 g of sediment were processed subsequently with 10% hydrochloric acid 
(HCl), 10% KoH, and 10% hydrofluoric acid (modified from Faegri & Iversen, 
1989). Samples were fixed in Lugol’s solution and akinetes were counted by an 
inverted microscope at 400×.  
The germination of sub-fossil akinetes was obtained inoculating 2-4 g 
of sediment in 30-60 mL ASM-1 medium(Carmichael & Gorham, 1974), added 
with cycloheximide (250 mg L–1) (Livingstone & Jaworski, 1980). The 
cultures were incubated at 20°C under continuous light (85 μmol m–2 s–1), for 
16-21 days. Cultures were then fixed with Lugol’s solution and the germinated 
cells were counted under an inverted microscope.  
Single filaments germinated from akinetes were isolated from the 
cultures, and transferred in Z8 medium. The strain cultures were grown at 20°C 
under 16:8 h light:dark photoperiod (25 μmol m–2 s–1). 
 
2.5 Cyanotoxins analysis 
For the determination of intracellular concentration of cyanotoxins, 
cyanobacteria cultures (100-250 mL) or environmental samples (2L) were 
filtered through 1.2 µm GF/C filters (Whatman – GE Healthcare Life Science) 
and frozen at -20°C. Cyanotoxins were extracted by water:methanol 30:70 v/v – 
0.1% formic acid solution and analysed by liquid chromatography-mass 
spectrometry (LC-MS), using a Waters Acquity UPLC system coupled to a 
SCIEX 4000 QTRAP mass spectrometer equipped with a turbo ion spray 
interface. The LC-MS protocols for MC, NOD, CYN are described in details in 
Cerasino and Salmaso (2012) and Cerasino et al. (2016). The protocol for STX 
was adapted from Dell’Aversano et al. (2005) and was conducted using an 
Ascentis Express OH5 (2.7 µm particle size, 50 x 2.1 mm) column (kept at 20 
°C). Quantification was performed using calibration curves obtained with 
commercially analytical standards MC (RR, [D-Asp3]-RR, YR, LR, [D-Asp3]-
LR, WR, LA, LY, LW, LF), ATX (Tocris Cookson Ltd), NOD-R, CYN (Vinci 
Biochem), GTX1/4, C1/2, NeoSTX, GTX5, STX and dcSTX (NRC-CNRC, 
Canada). The limits of quantitation (LOQ) were between 30 ng L-1 and 500 ng 
L-1 (MC congeners), 140 ng L-1 (NOD-R), 30 ng L-1 (ATX), and 8 ng L-1 
(CYN). 
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2.6 Genomic DNA extraction 
The cyanobacteria cultures (50-250 mL) were alternatively filtered on 
1.2 µm GF/C filters (Whatman – GE Healthcare Life Science) or pelleted by 
centrifuge, and stored at -20°C. Total genomic DNA was extracted from the 
filters using the Mo Bio PowerWater DNA Isolation Kit (Mo Bio Laboratories, 
Inc., CA, USA) or from the pellet using the E.Z.N.A. SP Plant DNA Kit 
(Omega Bio-Tek Inc., GA, USA), with Glass beads-acid washed (212– 300 
mm; 425–600 mm) (Sigma–Aldrich CO., MO, USA). DNA extracted were 
checked by NanoDrop ND-8000 (Thermo Fisher Scientific Inc., MA, USA). 
 
2.7 PCR amplification and sequencing  
Taxonomic identification and phylogenetic analyses of cyanobacteria 
were undertaken by the amplification of the 16s rRNA gene and housekeeping 
genes, the rpoB gene (β subunit of RNA polymerase) and the rbcLX genes 
(large subunit of ribulose bisphosphate carboxylase/oxygenase). The strains 
ability to produce MCs and ATX was assessed by the amplification of the mcyE 
gene and anaC-anaF genes, respectively.  
PCRs were executed on an Eppendorf Mastercycler ep (Eppendorf AG, 
Germany) using the DyNazyme II DNA Polymerase enzyme (Thermo 
Scientific). Primers used in PCR reaction are listed in Table 2. The correct 
amplification of PCR products were checked by 1% agarose gel electrophoresis 
stained with ethidium bromide, using a commercial DNA ladder (GeneRuler 
Express, Fermentas). Amplified products were purified by Exonuclease plus 
Shrimp Alcaline Phosphatase (ExoSAP) and sequenced using the BigDye 
Terminator Cycle Sequencing technology (Applied Biosystems, Germany), 
according to the manufacturer’s protocols. Primers used for sequencing reaction 
are listed in Table 2. The reaction products were purified by Agencourt 
CleanSEQ® Kit (Beckman) and run on an Automated Capillary Electrophoresis 
Sequencer 3730XL DNA Analyzer (Applied Biosystems, Germany). After 
trimming of low quality ends by Chromatogram Explorer 3.3.0 (Heracle 
Biosoft), the sequences were assembled using ClustalW multiple alignment or 
Contig Assembly Program (CAP) in BioEdit 7.2.5 (Hall, 1999). 
 
2.8 Tychonema-specific primers design 
A new set of primers specific for Tychonema were designed on the 
region rbcLX (Tab. 2), using Primer3Plus software (Untergasser et al., 2007). 
Potential secondary structures were checked by Oligoanalyzer 3.1 tool 
(PrimerQuest® program, IDT, Coralville, USA).  The primers were tested for 
specificity, in silico and by PCR against M. aeruginosa, A. flos-aquae, P. 
rubescens, and Anabaena sp. (unpublished).  
The primers rbcLX-tyc were developed for PCR reactions, and allowed 
a rapid identification of T. bourrellyi in pelagic samples, amplifying a fragment 
of ca. 600 bp. The reaction mixture contained DyNazyme II DNA Polymerase 
(0.5 U), PCR Buffer (10x), deoxynucleoside triphosphate mix (0.25 mM), each 
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forward and reverse primer (0.5µM), and 2-10 ng genomic DNA. The PCR 
protocol used is displayed in Table 3. PCR was run on an Eppendorf 
Mastercycler ep (Eppendorf AG, Germany). 
 
Table 2. Primers used in this study for PCR, sequencing, and real-time qPCR. 
 
 
The primers rbcX-tycQ amplify a region of ca. 120 bp of the rbcX gene. 
These primers are suitable for real-time qPCR application and were developed 
for the quantification of T. bourrellyi in environmental samples. The real-time 
qPCR protocol was performed for SYBR Green, with KAPA SYBR® FAST 
qPCR Kit Optimized for LightCycler® 480, following the manufacturer’s 
protocol with an annealing temperature of 59°C. Measurements were carried out 
on a Lightcycler 480 (Roche, Almere, the Netherlands), with LightCycler 
software version 1.5 (Roche). Serial dilution of the DNA of T. bourrellyi was 
used as standard sample. 
 
2.9 Phylogeny and statistical analysis 
Phylogenetic analyses were realised by R software (R Core Team 
2013). Sequences were aligned by MUSCLE (Edgar, 2004), and poorly aligned 
positions and divergent regions were removed by Aliscore (Misof and Misof, 
2009). Phylogenetic trees were computed by Maximum Likelihood (ML), using 
PhyML 3.1 (Guindon et al., 2010) and approximate likelihood-ratio test based 
branch support (aLRT, SH-like; Anisimova & Gascuel 2006) or using the 
package phangorn with 1000 bootstrap (BS) replicates. The best-fitting 
Target 
locus 
Primer set Primer sequence (5’-3’) Product 
(bp) 
Application References 
16s rRNA 
CYA359F GGGGAATYTTCCGCAATGGG 
450 PCR/Sequencing 
(Nübel et al., 
1997)  
CYA781R(a) GACTACTGGGGTATCTAATCCCATT 
CYA781R(b) GACTACAGGGGTATCTAATCCCTTT 
16s rRNA 
PA AGAGTTTGATCCTGGCTCAG 
1800 PCR 
(Rajaniemi et 
al., 2005) B23S CTTCGCCTCTGTGTGCCTAGGT 
16s rRNA 
16S544R ATTCCGGATAACGCTTGC 
 Sequencing 
(Rajaniemi-
Wacklin et al., 
2006) 
16S1092R GCGCTCGTTGCGGGACTT 
16S979F CGATGCAACGCGAAGAAC 
rbcLX 
CW CGTAGCTTCCGGTGGTATCCACGT 
800 PCR/Sequencing 
(Rudi et al., 
1998) CX GGGGCAGGTAAGAAAGGGTTTCGTA 
rpoB 
rpoBanaF AGCMACMGGTGACGTTCC 
600 PCR/Sequencing 
(Rajaniemi et 
al., 2005) rpoBanaR CNTCCCARGGCATATAGGC 
anaC 
anaC-oscF CTCTATTCTCACAAGTTTGGTCT 
250 PCR/Sequencing 
(Rantala-Ylinen 
et al., 2011) anaC-oscR GTTAGTTCAATATCAAGTGGTGGA 
anaF 
atxoaf TCGGAAGCGCGATCGCAAATCG 
300 PCR/Sequencing 
(Ballot et al., 
2010b)  atxaR ACCTCCGACTAAAGCTAGGTCG 
mcyE 
mcyE-F2 GAAATTTGTGTAGAAGGTGC 
800 PCR/Sequencing 
(Rantala et al., 
2004)  mcyE-R4 AATTCTAAAGCCCAAAGACG 
rbcLX 
rbcLX-tycF GTCCAAGCACGTAACGAAGG 
600 PCR This study 
rbcLX-tycR TTGAATGCCAGTACGAACCA 
rbcX 
rbcX-tycQF ATCCTCCTCTGGCAATCTGG 
120 qPCR This study 
rbcX-tyc_QR CGCACAGTCATGATCCGAAA 
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evolutionary models, were evaluated by the phymltest function in the R package 
ape (Guindon et al. 2010; Paradis et al. 2004).  
 
Table 3. PCR protocol for the amplification of the rbcLX region in Tychonema, using 
the rbcLX-tyc primers. 
 
Step T (◦C) Time Cycle 
Initial denaturation 94  5 min 1 
Denaturation 94  30 Sec 
30 Annealing 54 40 Sec 
Elongation 72 1 min 
Final elongation 72 7 min 1 
 
The phylogeography of D. lemmermannii was analysed applying 
statistical tests (R software). A matrix of pairwise distances between sequences 
and a principal coordinate analysis (PCoA) was performed by package ape 
(Paradis et al. 2004).The dissimilarity matrices of the geographic distances and 
genetic distances between strains were computed by, respectively, packages 
gdistance (van Etten, 2015) and ape (Paradis et al. 2004). A Mantel statistic, 
based both on Pearson’s and Spearman’s correlations, was used to evaluate the 
significance of the correlation between the two dissimilarity matrices, using the 
package vegan (Oksanen et al., 2015). 
 
3. RESULTS 
 
3.1 Tychonema bourrellyi 
In a study carried out from February to March 2014 (Paper I), T. 
bourrellyi was identified in Lake Garda for the first time. In collected water 
samples, this species appeared as solitary, free floating and pale red trichomes, 
with clearly visible large vacuoles, produced by thylacoids. Over 65 cultures 
were obtained from the isolation of single strain and the morphological 
determination was supported by phylogenetic analyses on 16S rRNA gene (bp). 
All the strains isolated in Lake Garda, clustered together with T. bourrellyi 
strains isolated in Norway and maintained by the Norwegian Institute for Water 
Research Culture Collection of Algae (NIVA-CCA), and with Tychonema 
sequences derived from public repositories. This cluster resulted closely related 
to Phormidium autumnale and Microcoleus antarcticus strains. The taxonomic 
identification was further confirmed by a BLAST homology search on the 
rbcLX gene regions, sequenced from the newly isolated strains. The analysis 
showed a homology higher than 99% to other T. bourrellyi strains from public 
repositories. 
Moreover, 24 strains isolated in Lake Garda were analysed by LC-MS 
and 11 of them produced ATX (>0.1 mg L_1). On a cell basis, the ATX 
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concentration was in the range of 0.01-0.35 pg cell_1. To confirm these 
evidences, in toxic strains the anaC gene was amplified, whether it wasn’t 
detected in non-toxic strains. The ATX production was confirmed also in one 
NIVA-CCA T. bourrellyi strain. On the contrary, none of the strains from Lake 
Garda and NIVA-CCA were positive for MCs, which was also confirmed by the 
failed amplification of the mcyE gene.  
A second study aimed at evaluating the development of T. bourrellyi in 
all the deep lakes south of the Alps (Paper II), allowed to identify this species 
even in lakes Iseo, Como and Maggiore. A wide analysis was undertaken on 49 
strains isolated in lakes Garda, Iseo, Como and Maggiore, from May to 
November 2014, which were taxonomically identified by morphological 
characterization and phylogenetic analyses on the 16s rRNA gene. These strains 
formed a compact cluster with other T. bourrellyi strains from Norway and 
Northern Ireland. Further, the BLAST homology search on the rbcLX gene of 
these strains showed >99% similarity to other T. bourrellyi strains from public 
repositories. The discrimination from P. rubescens, one of the most common 
cyanobacteria in the deep subalpine lakes, was fully supported both by 
morphological analysis under the stereomicroscopes and phylogenetic analysis 
on the 16S rRNA gene. 
Overall, 26 T. bourrellyi isolated strains tested positive for the 
amplification of the anaC and anaF genes, which was confirmed by the 
observation of ATX production by LC-MS. Almost all the toxic strains resulted 
also HTX producers. Usually, HTX was produced with concentrations from 
0.2% to 2% compared to those of ATX. On a cell basis, the ATX and HTX 
concentration varied in the range of 0.03-2.74 pg cell_1 and 0.001–0.025 pg 
cell−1, respectively. The anaF gene of toxic strains was sequenced, showing 
total identity in strains within and among the subalpine lakes and resulted well 
conserved in Oscillatoriales. A selection of strains were also tested for MCs 
production giving negative results. On the contrary, P. rubescens strains 
isolated in Lake Garda were confirmed as MCs producers. 
To deepen the ecological characteristics of T. bourrellyi, in Lake Garda 
was undertaken a detailed analysis of its environmental distribution between 
April and November. This species showed a clear distribution, mostly limited to 
spring and summer months. Its maximum biovolumes were recorded between 
10 and 30 m, with peaks in spring. The depth × time development of ATX and 
HTX followed the same pattern. Whereas, both Planktothrix and MCs were 
strictly localised in the metalimnetic layer in the period between half July and 
half September. Overall, the mean annual values of MCs in the first 20 m (33 ng 
L−1) were around 10 times lower than the corresponding ATX averages (308 ng 
L−1). Moreover, the study of the interannual development (2009-2015) of ATX 
and MCs in the euphotic layers showed a slight increase of ATX and a 
significant decrease of MCs. Their maximum concentrations were 2 months out 
of phase, with maxima around June and August–September, respectively. 
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The primers specific for Tychonema designed in the present study, were 
able to selective amplify the rbcLX genes of T. bourrellyi in pelagic 
environmental samples of Lake Garda, both by PCR and qPCR (data not 
shown).  
 
3.2 Dolichospermum lemmermannii 
Considering the wide spread of D. lemmermannii in the deep lakes 
south of the Alps, the first study on this species (Paper III) included a detailed 
investigations to clarify its taxonomic position, ecology and potential toxicity. 
In 2013-2014, 19 strains of D. lemmermannii were isolated from lakes Garda, 
Iseo, Como and Maggiore.  
The microscopic determination of the isolated strains was supported by 
phylogenetic analyses based on 16S rRNA and rpoB genes. Both sequences 
underlined slight differences in strain from Lake Maggiore, compared to the 
other subalpine lakes. However, the Italian strains clustered together with other 
D. lemmermannii strains isolated in Finland. Moreover, none of the strains from 
the deep subalpine lakes resulted producers of MCs, ATX, HTX, NOD, and 
CYN. 
The long-term and seasonal development of D. lemmermannii in the 
epilimnetic layers (0–20 m) was deeply studied in Lake Garda (1993-2013). 
Since the beginning of the observations, the abundances of D. lemmermannii 
showed a little tendency to increase until the beginning of 2000s. Its 
development was characterized by a strong cyclical component, with most of 
the population developing in the warmest months, generally between June and 
October. The higher growth of this species was favoured by thermal stability 
and higher water temperatures, above 15°C. Nevertheless, after 2004, its growth 
between July and August underwent a strong decrease, with the population 
mostly developing in early summer and early autumn. Excluding a peak 
measured in July 2012, its biovolume values were always low (<50 mm3 m_3), 
usually contributing less than 5% to the total annual cyanobacterial biovolumes.  
Despite the appearance of blooms in the deep subalpine lakes from the 
1990s, the establishment historical period of D. lemmermannii remained unclear 
and was evaluated by the study of sub-fossil akinetes preserved in deep 
sediments of Lake Garda (Paper IV). The analysis were undertaken on a 
sediment core collected in 2014, both by direct counting of sub-fossil akinetes 
and filaments germinated from viable akinetes.  
The direct counting of akinetes was possible till the layer corresponding 
to 1965.  Repeated counts made on deeper layers relative to the previous period 
(1935-1961) were negative. Since the 1970s akinetes abundance suddenly and 
rapidly increased until 2007, then began to decrease. Similarly, the viable 
filaments germinated from akinetes, were observed until the layer 
corresponding to 1971, and their density steadily increased from 1985 to the end 
of 2000s. The taxonomic position of D. lemmermannii sub-fossil populations 
was confirmed by phylogenetic analysis of germinated strains corresponding to 
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the years 1989, 2000, 2005 and 2012. The rpoB gene resulted conserved in this 
time period, until nowadays. 
A broad study of the global distribution of D. lemmermannii (Paper V) 
pointed out the differences among populations, deepening the biogeography of 
this species. As integration to the first study described previously, thirteen more 
strains, attributed to D. lemmermannii by morphological and morphometrical 
analysis, were isolated from different water bodies in southern and northern side 
of the Alps (e.g. lakes Maggiore, Lugano, Caldonazzo, Ammersee, and 
Starnberger See). To increase the studied geographic area, 13 more D. 
lemmermannii strains, isolated in Norway and Northern Germany and 
maintained by NIVA-CCA, were analysed.  
Two representative strains of the deep subalpine lakes populations, 
isolated in lakes Garda and Como, were analysed by TEM. The ultrastructural 
analysis showed quite dilated thylakoids distributed in whole vegetative cell, 
peripheral polyhedral bodies, and gas vesicles widespread or concentrated at the 
free pole in the apical cell of the filament. A common feature, was a wide, 
central, electron dense area, containing strongly electron dense granules. 
Cyanophycin granules increased in number in akinetes, and in the heterocytes 
no real honeycomb structure was observed.  
Among all the strains tested, 5 strains from Norway resulted producers 
of MCs. Their mcyE gene was positive amplified and sequenced. The sequences 
shared a 100% similarity to each other and a Blast homology search showed 
100% similarity to others D. lemmermannii, and 99% similarity to 
Dolichospermum and Anabaena genera.  
Differences among populations were determined by phylogenetic 
analysis on the 16s rRNA gene, comparing the newly isolated strains with 
NIVA-CCA strains, and strains obtained from public repositories. Overall, D. 
lemmermannii formed a distinct clade, separated from other Dolichospermum 
spp.. Not all the MCs producing strains clustered together, but a relation with 
their geographic origin was suggested. While non-MCs producing strains were 
distributed from northern to southern Europe, MCs-producers were confined in 
Northern Europe (Norway and Finland). However, information about toxicity 
was not available for several strains retrieved from public repositories, allowing 
therefore only a partial description of the toxic potential of the species. 
Within the D. lemmermannii clade, 4 distinct sub-clusters with evident 
genetic differences were observed. Each sub-cluster included strains isolated 
from the subalpine lakes (except Lake Maggiore), New Zealand, United 
Kingdom, and Northern Norway, respectively. These ones were far from a main 
group formed by closely related strains isolated in Central and Northern Europe 
(Germany, Czech Republic, Norway, and Finland). The results were supported 
by a PCoA based on pairwise genetic distances between strains. Both the 
analytical approaches, revealed genetic differences between the strains isolated 
in Lake Maggiore and in the others subalpine lakes, which showed a closer 
relation to the central-north European group. The geographic isolation 
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hypothesis and the effect of dispersal barrier in the differentiation of D. 
lemmermannii strains were examined applying a Mantel test, which showed a 
significant correlation between the geographic and genetic distances. 
 
4. DISCUSSION 
 
4.1 Tychonema bourrellyi 
This study demonstrated the presence of T. bourrellyi in Lake Garda. 
This species is considered a cold-stenotherm genus, particularly abundant in 
northern Europe and Canada (Komárek et al., 2003). These features are 
consistent with the presence of this species in Lake Garda in the colder months. 
Moreover, the study on T. bourrellyi populations in Lake Garda revealed its 
ability to produce ATX. This was the first evidence of a planktonic genus 
belonging to the Oscillatoriales able to produce ATX. This feature was further 
confirmed by the observation of ATX producing strains isolated in Norway, 
therefore, the ability to produce ATX does not seem to be restricted to specific 
climatic regions or isolated populations. After the first discovery in Lake Garda, 
the presence of toxic populations of T. bourrellyi was demonstrated also in the 
other deep subalpine lakes (e.g. Iseo, Como and Maggiore). Besides ATX, the 
ability of this species to produce the analogue HTX was also observed. Both are 
potent neurotoxins that represent a potential serious risk for human and animal 
health (Onodera et al., 1997; Wood et al., 2007).  
The predominant Oscillatoriales in the deep lakes south of the Alps was 
P. rubescens (Salmaso et al., 2012). The discrimination between the two species 
in samples preserved with Lugol’s solution is not always easy, therefore the 
exact contribution of T. bourrellyi to the cyanobacterial community before their 
isolation from natural samples cannot be determined with certainty. In Lake 
Maggiore rare filaments of T. bourrellyi were identified by microscopic 
observations in the monitoring campaigns since 2006 (C.N.R.-I.S.E. Sede di 
Verbania 2007), and recently was documented its increase, with biovolumes 
similar or greater than those of P. rubescens (C.N.R.-I.S.E. Sede di Verbania 
2015). The analyses undertaken in Lake Garda proved a stronger development 
of T. bourrellyi compared to P. rubescens. Both species mostly developed in a 
layer of 20–30 m around the euphotic depth. After a higher spring growth, T. 
bourrellyi decreased, growing together with P. rubescens during the summer 
months. This behaviour can be interpreted considering that, contrary to P. 
rubescens, T. bourrellyi does not possess gas-vesicles, and therefore it is not 
able to control buoyancy and vertical position, which represents a negative 
selective characteristic in deep lakes during the stratification months. The 
conversed long-term trends in the ATX and MCs concentrations suggested a 
colonisation process of Lake Garda by T. bourrellyi, though a conclusive 
evaluation should require longer time series of cyanotoxins analyses. The 
proper and fast identification of T. bourrellyi and its distribution in 
environmental samples can be deepened using the specific primers designed in 
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this study. The preliminary analysis showed their powerful potential use for 
surveillance and research purposes and the protocols will be developed for 
further uses.  
The causes of ongoing and rapid changes in cyanobacterial populations 
occurring in the deep subalpine lakes remain to be explored. However, it can be 
suggested a role for oligotrophication processes documented in this lake district.  
 
4.2 Dolichospermum lemmermannii 
This study firstly confirmed the taxonomic position of the 
Dolichospermum species appeared as blooms in the deep subalpine lakes from 
the 1990s, thanks to the association of morphological and phylogenetic 
approaches. In Lake Garda, the contribution of D. lemmermannii to the total 
biovolumes of cyanobacteria in the trophogenic layers (0–20 m) was always 
very low. As it was described for this kind of gas-vacuolated species (Reynolds 
and Walsby, 1975), the blooms are the result of a physical surface accumulation 
of filaments already present in the trophogenic layers, and not the effects of in 
situ growth processes. Nevertheless, the seasonal development of this species 
resulted primarily connected with water temperature.  
Most of the records of D. lemmermannii were made after the 1990s, 
between the 40th and 60th parallels. Therefore, its habitat looks circumscribed 
to cold and temperate environments. Its spread toward south is harder to 
interpret compared with other warm-adapted Nostocales whose expansion 
toward north was explained by the recent widening of new suitable habitats due 
to global warming (Sukenik et al., 2012). To clarify the causes that favoured the 
introduction and the successive rapid spread of this species in the subalpine 
lakes, the colonisation pattern of D. lemmermannii in Lake Garda was 
reconstructed through the analyses of the distribution of sub-fossil akinetes 
preserved in deep sediment. The study of akinetes, allowed to identify the 
period of establishment of self-sustaining and naturalised populations, after a 
first introduction of the species, representing a powerful tool for the 
reconstruction of the long-term temporal development of Nostocales in water 
bodies. The analyses indicated the beginning of colonisation between the 
middle of the 1960s and 1970. However, it cannot be excluded the possible 
presence of a few other akinetes in the older sediment layers. The results 
strongly suggested that this species increased their importance during the 1980s 
and 1990s, coinciding with the appearance of the first surface blooms (Salmaso 
et al., 1994). Along with the increase of water temperatures recorded since the 
1960s, the establishment of D. lemmermannii appeared favoured by the growth 
of anthropogenic pressure and changes in trophic status. The genetic structure of 
strains germinated from sub-fossile akinetes in Lake Garda, compared with 
modern strains, did not show any mutation or recombination signal, suggesting 
the feature of clonal population. 
The D. lemmermannii populations actually present in the deep 
subalpine lakes shared common morphological characteristics of vegetative and 
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specialized cells. The analysis of ultrastructure revealed particular 
characteristics compared as related species, as a large area of medium electron 
density present in many vegetative cells containing electron dense granules. 
These features, as well as the thylakoidal pattern within vegetative cells, can be 
used to further evaluate phylogenetic relations in cyanobacterial classifications. 
The wide study aimed at evaluate the biogeography of D. 
lemmermannii, showed the existence of genetic differences and capability to 
synthesize microcystins among populations from different geographical regions. 
The strains isolated in lakes south of the Alps, tested negative for the production 
of a wide range of toxins, as well as strains from Germany. On the contrary, five 
Norwegian strains isolated between 1981 and 2000 and maintained in long-term 
culturing at NIVA were MCs producers. Other MCs producing strains were 
previously identified in Finland (Sivonen et al., 1992), therefore MCs 
production emerged as an exclusive ability of North European strains, 
suggesting a geographical segregation. The partial mcyE sequences amplified 
from MC-producing Norwegian strains were identical to each other and resulted 
well conserved in the genera Dolichospermum and Anabaena. In Northern 
Europe, toxic populations coexisted along with non-toxic populations in lakes 
of the same regions and even in a single lake (Lake Storavatn, Lindås, 
Hordaland, Norway). The mcy gene loss can be speculated in non-toxic strains, 
however whether the non-toxic strains conserve remnants of mcy gene cluster 
should be verified.  
The phylogenetic analysis on the 16s rRNA gene showed a clear 
separation between D. lemmermannii and other Dolichospermum species. 
Furthermore, it confirmed the genetic stability of the populations settled in the 
deep subalpine lakes, except Lake Maggiore, which showed slight genetic 
differences from this group and a closer relation with Norwegian strains. In 
summer, the deep subalpine lakes showed strong differences in the mean 
epilimnetic temperatures. In lakes Maggiore and Lugano temperatures were 2 to 
3 °C lower than other lakes (Salmaso et al., 2012). Hence, this genetic 
differences can be the result of the environmental selection of ecotypes with 
different temperature optima. Further, the inability to achieve high biomass 
growth rate in Lake Lugano can be explained by water temperature lower than 
the growth optima of this ecotypes and higher mixing in the epilimnion 
(Salmaso et al., 2012). 
The genetic variation highlighted within D. lemmermannii species, was 
in part explained by geographic distance. Similarly to the Italian group, a 
distinct clustering was observed for strains from New Zealand, United Kingdom 
and Northern Norway, whereas strains from central and northern Europe were 
more closely related. This spatial pattern can be explained by founder effects, 
likely stabilised over the years by geographic isolation reinforced by physical 
barriers (e.g. Alps, Sea, ice cover). In Central Europe (Germany, Czech 
Republic) and in the southern part of Norway and Finland, these effects may 
have been mitigated by multiple colonisation events. Overall, in this process, 
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environmental selective factors were influential in the successful establishment 
of genotypes adapted to particular geographical niches. Nevertheless, whether 
the current distribution pattern of D. lemmermannii has ancient or recent origin 
still needs to be disclosed, albeit the low degree of genetic diversity among 
strains suggests a quite recent spread. The role of human activities and water 
birds which followed migratory flyways across Europe, as dispersal mechanism 
driving the distribution of D. lemmermannii, and akinetes, as dispersal units, 
can be speculated.  
 
5. CONCLUSIONS 
 
This study highlighted the rapid changes in cyanobacterial populations 
occurring in the deep subalpine lakes. Though the causes remain to be explored, 
the appearance and development of two nuisance cyanobacteria species, T. 
bourrellyi and D. lemmermannii, raised serious concerns about the safety of 
these water resources.  
In the deep subalpine lakes, the populations of T. bourrellyi 
demonstrated their ability to produce ATX and HTX. Whereas, D. 
lemmermannii resulted unable to produce a wide range of toxins. Considering 
the growing development of T. bourrellyi, these evidences underlined the 
eventuality of a synergic toxic effects caused by the presence of MCs, produced 
by P. rubescens, and ATX. On the other side, the excessive development of D. 
lemmermannii blooms in summer and the consequent occurrence of tastes and 
smells, can undermine the attractiveness of these lakes, considerably 
influencing their value. Moreover, D. lemmermannii showed its spreading 
potential over dispersal barriers, thanks to adaptability to temperature variation. 
This feature, associated with the ability of North European populations to 
produce MCs, raises an issue on the appearance of harmful algal blooms in 
other temperate areas, in southern Europe. This hypothesis is further 
strengthened by the low degree of genetic diversity among strains from different 
geographical regions, which suggests a quite recent spread of this species. 
Considering the reinforcing effects of current climate change on 
eutrophication and cyanobacterial development, and the consequent 
implications for water management, this study provided useful information for 
reducing the impact of invasive cyanobacteria on the subalpine lakes ecosystem. 
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Supplementary data 
 
Figure S1. (A) Reports of Dolichospermum (Anabaena) lemmermannii. (B) 
Map showing the location of the deep southern subalpine lakes (DSL). (C) 
Morphometrical characteristics and theoretical renewal time of the DSL. Huge 
surface blooms of D. lemmermannii were identified in lakes Garda, Iseo, Como 
and Maggiore. 
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Figure S2. Surface blooms of Dolichospermum lemmermannii in Lake Garda. 
(A) NW basin, pelagic zone, 30 July 2002. (B) Harbour of Riva del Garda 
(northern shore), 7 October 2014. 
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Table S1. (a) Accession numbers of the strains isolated in lakes Garda, Iseo, 
Como and Maggiore. The strains included in the phylogenetic analyses were 
indicated with an asterisk. (b) Accession numbers of additional taxa included in 
the phylogenetic analyses. 
 
  
(A) 
   
 
Cyanobacterial taxon 16SrRNA rpoB Strain Lake, sampling date 
Dolichospermum lemmermannii * LN871456 LN871470 FEM_GDL2 Garda, 5 Nov 2013 
Dolichospermum lemmermannii LN871457 LN871471 FEM_GDL9 Garda, 5 Nov 2013 
Dolichospermum lemmermannii LN871458 LN871472 FEM_GDL11 Garda, 5 Nov 2013 
Dolichospermum lemmermannii LN871459 LN871473 FEM_GDL8 Garda, 3 Dec 2013 
Dolichospermum lemmermannii LN871460 LN871474 FEM_GDL10 Garda, 3 Dec 2013 
Dolichospermum lemmermannii LN871461 LN871475 FEM_GDL1 Garda, 6 May 2014 
Dolichospermum lemmermannii * LN871462 LN871476 FEM_GDL5 Garda, 3 Jun 2014 
Dolichospermum lemmermannii * LN871463 LN871477 FEM_IDL5 Iseo, 24 Jun 2014 
Dolichospermum lemmermannii LN871464 LN871478 FEM_IDL7 Iseo, 24 Jun 2014 
Dolichospermum lemmermannii 
 
LN871479 FEM_IDL1 Iseo, 9 Sep 2014 
Dolichospermum lemmermannii * LN871465 LN871480 FEM_IDL2 Iseo, 9 Sep 2014 
Dolichospermum lemmermannii 
 
LN871481 FEM_IDL4 Iseo, 9 Sep 2014 
Dolichospermum lemmermannii 
 
LN871482 FEM_IDL13 Iseo, 9 Sep 2014 
Dolichospermum lemmermannii 
 
LN871483 FEM_IDL17 Iseo, 9 Sep 2014 
Dolichospermum lemmermannii * LN871466 LN871484 FEM_CDL1 Como, 20 Oct 2014 
Dolichospermum lemmermannii * LN871467 LN871485 FEM_CDL2 Como, 20 Oct 2014 
Dolichospermum lemmermannii LN871468 LN871486 FEM_CDL3 Como, 20 Oct 2014 
Dolichospermum lemmermannii 
 
LN871487 FEM_CDL4 Como, 20 Oct 2014 
Dolichospermum lemmermannii * LN871469 LN871488 FEM_MDL2 Maggiore, 11 Nov 2014 
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(B) 
   Cyanobacterial taxon 16SrRNA rpoB Taxon code 
Anabaena cf.cylindrica AJ630414 AJ628074 Ana_cf.cylindrica_XP6B 
Anabaena oscillarioides AJ630426 AJ628086 Ana_oscillarioides_BECID22 
Anabaena oscillarioides AJ630427 AJ628087 Ana_oscillarioides_BECID32 
Anabaena sp. AJ133156 AJ628124 Ana_sp._90 
Aphanizomenon flos-aquae AJ630441 AJ628101 Aph_flos-aquae_tu29s19 
Aphanizomenon flos-aquae AJ630443 AJ628103 Aph_flos-aquae_1tu26s2 
Aphanizomenon gracile AJ630444 AJ628104 Aph_gracile_HEANEY_1986_Camb140_1_1 
Aphanizomenon gracile AJ630445 AJ628105 Aph_gracile_tu26s16 
Cuspidothrix issatschenkoi AJ630446 AJ628106 Cus_issatschenkoi_0tu37s7 
Desmonostoc muscorum AJ630451 AJ628111 Des_muscorum_I 
Desmonostoc muscorum AJ630452 AJ628112 Des_muscorum_II 
Dolichospermum cf.crassum AJ630413 AJ628073 Dol_cf.crassum_1tu27s7 
Dolichospermum circinale AJ630416 AJ628076 Dol_circinale_tu30s11 
Dolichospermum circinale AJ630417 AJ628077 Dol_circinale_tu33s12 
Dolichospermum compactum AJ630418 AJ628078 Dol_compactum_ANACOM_KOR 
Dolichospermum flos-aquae AJ630422 AJ628082 Dol_flos-aquae_1tu30s4 
Dolichospermum flos-aquae AJ630423 AJ628083 Dol_flos-aquae_tu35s12 
Dolichospermum cf.lemmermannii AJ133157 AJ628126 Dol_cf.lemmermannii_66A 
Dolichospermum lemmermannii AJ630424 AJ628084 Dol_lemmermannii_tu32s11 
Dolichospermum mucosum AJ630425 AJ628085 Dol_mucosum_1tu35s5 
Dolichospermum planctonicum AJ630430 AJ628090 Dol_planctonicum_1tu28s8 
Dolichospermum planctonicum AJ630431 AJ628091 Dol_planctonicum_tu30s13 
Dolichospermum sigmoideum AJ630434 AJ628094 Dol_sigmoideum_0tu36s7 
Dolichospermum sigmoideum AJ630435 AJ628095 Dol_sigmoideum_0tu38s4 
Dolichospermum smithii AJ630436 AJ628096 Dol_smithii_1tu39s8 
Dolichospermum spiroides AJ630440 AJ628100 Dol_spiroides_tu39s17 
Nodularia harveyana AJ781143 AJ783325 Nod_harveyana_Bo53 
Nodularia harveyana AJ781148 AJ783330 Nod_harveyana_UTEXB2093 
Nodularia sphaerocarpa AJ781147 AJ783323 Nod_sphaerocarpa_BECID_36 
Nodularia sphaerocarpa AJ781149 AJ783332 Nod_sphaerocarpa_BECID_35 
Nodularia spumigena AJ781134 AJ628132 Nod_spumigena_HEM 
Nodularia spumigena AJ781131 AJ783307 Nod_spumigena_PCC_9350 
Nostoc calcicola AJ630447 AJ628107 Nos_calcicola_III 
Nostoc calcicola AJ630448 AJ628108 Nos_calcicola_VI 
Nostoc edaphicum AJ630449 AJ628109 Nos_edaphicum_X 
Nostoc ellipsosporum AJ630450 AJ628110 Nos_ellipsosporum_V 
Nostoc sp. AJ630453 AJ628113 Nos_sp._1tu14s8 
Microcystis aeruginosa KF286992 EU151907 Mic_aeruginosa_PCC_7806 
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Summary 
In the last 50 years, the cyanobacterium Dolichospermum lemmermannii has increasingly spread 
from northern temperate and boreal regions towards Southern Europe, raising serious concerns 
due to its ability to produce cyanotoxins. The increase of its geographic distribution and the 
observation of strains showing high optimum temperature underline its ecological heterogeneity, 
suggesting the existence of different ecotypes. To investigate its biogeography, new isolates from 
different European water bodies, together with strains maintained by the Norwegian Institute for 
Water Research Culture Collection of Algae, were genetically characterised for the 16s rRNA 
gene and compared with strains obtained from public repositories. Geographic distance highly 
influenced the differentiation of genotypes, further suggesting the concurrent role of geographic 
isolation, physical barriers and environmental factors in promoting the establishment of 
phylogenetic lineages adapted to specific habitats. Differences among populations were also 
examined by morphological analysis and evaluating the toxic potential of single strains, which 
revealed the exclusive ability of North European strains to produce microcystins, whereas the 
populations in Southern Europe tested negative for a wide range of cyanotoxins. The high 
dispersion ability and the existence of toxic genotypes indicate the possible spread of harmful 
blooms in other temperate regions. 
 
Introduction 
The genus Dolichospermum (Nostocales) 
includes species sharing at least 92% of 16S 
rRNA gene similarity (Wacklin et al., 2009). 
Dolichospermum lemmermannii (Richter) 
P.Wacklin, L.Hoffmann and J.Komárek, first 
described in 1903 in Northern Germany (e.g. 
Grosser Plöner See; Forti, 1907), is typical for 
oligo-mesotrophic and deep, stratifying lakes 
or mesotrophic shallow lakes, with good light 
conditions (Reynolds et al. 2002; Padisák et al. 
2009). This species was reported in the whole 
temperate zone and at boreal latitudes 
(Komárek and Zapomělová, 2007; Lepistö and 
Holopainen 2008), mainly between the 40th 
and 60th parallels (Salmaso et al. 2015a), and 
was commonly observed in cold environments 
of Northern Europe (Skulberg et al. 1994; 
Willén 2003). Conversely the only observation 
recorded in tropical areas refers to the 
Riogrande II Reservoir, at 2200 m a.s.l. 
(Central Andes, Colombia), where water 
temperature typically ranged between 16 to 
24°C (Palacio, 2015). Zapomělová et al. 
(2010) defined the optimal growth temperature 
for D. lemmermannii between 13 to 18° C, 
whereas specific strains showed high 
temperature optima (i.e. between 18°C and 
25°C), demonstrating its high variability to 
temperature adaptation. 
 In Southern Europe, extended surface 
blooms of D. lemmermannii progressively 
appeared during summer stratified conditions 
in the large and deep lakes south of the Alps 
(i.e. Lake Garda, Iseo, Como, and Maggiore) 
since the 1990s (Salmaso et al., 2012). The 
spread in the subalpine region followed an 
altitudinal gradient, likely in relation to the 
warming of these lakes (Callieri et al. 2014; 
Salmaso et al. 2015a). Global climate change 
significantly affects the development of 
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invasive cyanobacteria, especially Nostocales 
(Sukenik et al., 2012; Cirés et al., 2014), 
enhancing their growth rates, dominance and 
geographic distributions (Paerl and Huisman, 
2009). Through the study of sub-fossil 
akinetes, the establishment of D. 
lemmermannii in Lake Garda was identified 
between the 1960s and the 1970s (Salmaso et 
al. 2015b), when the post-war economic 
growth led to a booming of tourism industry 
and intensive agriculture in the subalpine 
region (Milan et al., 2015). Global warming 
and nutrient enrichment likely were the major 
factors supporting the development of this 
species and the increase of its geographic 
distribution. 
 Phytoplankton species have the ability 
to disperse and resettle in new environments 
(Naselli-Flores and Padisák, 2015). Passive 
dispersal mechanisms exerted by wind and 
aquatic birds (Incagnone et al. 2015), as well 
as human activities, commonly occur in 
cyanobacteria (Kristiansen, 1996) and tend to 
homogenize species distribution. However, 
despite these dispersal abilities, and similarly 
to larger species (Avise, 2006), the distribution 
of microscopic organisms is affected by 
geographical barriers, which results in 
biogeographical patterns (Fontaneto 2011, 
2014) characterised by founder effects and 
localized genetic differentiation (De Meester 
et al., 2002). The presence of spatial patterns 
was investigated in several cyanobacteria 
species (Moreira et al., 2013). While on a 
global scale a phylogeographic structure is 
absent in Microcystis aeruginosa (van 
Gremberghe et al., 2011), revealing its 
cosmopolitan distribution, in 
Cylindrospermopsis raciborskii different 
clusters with a high degree of genetic 
divergence were identified (Gugger et al., 
2005; Haande et al., 2008; Moreira et al., 
2011; Wood et al. 2014). Godhe et al. (2016) 
described the influence of geographic distance 
and environmental selective forces in the 
genetic differentiation of algal blooms. 
Observing the propagation of a Baltic Sea 
spring bloom, the authors identified the 
succession of different genotypes significantly 
structured by oceanographic connectivity and 
distance, enhanced by salinity gradient. 
Likewise, the presence of D. lemmermannii at 
lower latitudes was supposed to be due to the 
existence of different ecotypes characterised 
by specific ecological adaptations (Salmaso et 
al. 2015a). Both geographic isolation and 
differential adaptation are indeed considered 
as factors acting upon variation within and 
among cyanobacteria populations (Papke et 
al., 2003).  
 The ability of D. lemmermannii to 
produce hepatotoxic microcystins (Sivonen et 
al., 1992) and the neurotoxic anatoxin-a(s) 
(Henriksen et al., 1997; Onodera et al., 1997), 
which was demonstrated in North European 
strains, implies a potential hazard for human 
health and freshwater ecosystems. Besides, the 
isolation of non-toxic genotypes (Henriksen et 
al. 1997; Rajaniemi et al. 2005; Cirés et al. 
2014; Salmaso et al. 2015a), could imply the 
existence of different phylogenetic lineages 
adapted to specific ecological niches. The 
geographical segregation of neurotoxin 
production among strains was observed in 
Anabaena circinalis (Beltran and Neilan, 
2000), whereas Kurmayer et al. (2015) showed 
that, in Planktothrix, microcystins distribution 
depended on phylogeny, ecophysiological 
adaptation and geographic distance. 
 The general objective of this study is 
to investigate the phylogenetic relationships 
between strains of D. lemmermannii with the 
purpose to describe its biogeography and to 
test if the distribution patterns are congruent 
with a geographical segregation or a 
cosmopolitan pattern. Additionally, the 
potential toxicity will be assessed to identify 
any possible geographical segregation of 
cyanotoxin producing strains. The contrasting 
distribution patterns (segregation or panmixia) 
will be evaluated by analysing the genetic 
diversity among strains isolated from distinct 
geographic locations. Our hypothesis is that 
geographic factors (e.g. geographic distance) 
can significantly influence the spatial genetic 
structure of populations. Investigations will 
include D. lemmermannii strains isolated from 
different European water bodies, together with 
strains maintained by the Norwegian Institute 
for Water Research Culture Collection of 
Algae (NIVA-CCA), and strains obtained by 
public archives (INSDC, International 
Nucleotide Sequence Database Collaboration). 
The evolutionary pattern of cyanotoxin 
producing strains will be evaluated by plotting 
the distribution of alternative states on the 
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phylogenetic trees obtained by the analysis of 
the 16s rRNA gene. 
 
Results  
 
Morphological characterization 
 
Thirteen strains were isolated from different 
water bodies in southern and northern side of 
the Alps (Table 1) and were attributed to D. 
lemmermannii on the basis of the diacritical 
features described by Komárek and 
Zapomělová (2007). Morphometrical and 
morphological traits of vegetative cells, 
heterocytes and akinetes showed no significant 
differences among strains. The average length 
of vegetative cells, akinetes and heterocytes 
was measured in cultures from lakes Iseo (8.9 
µm, 12.4 µm, 9.8 µm), Como (8.0 µm, 18.1 
µm, 10.3 µm), Maggiore (8.6 µm, 14.1 µm, 
9.0 µm), Lugano (8.8 µm, 20.0, 10.4 µm), 
Caldonazzo (8.7 µm, 15.1 µm, 10.0 µm), and 
Starnberger (7.8 µm, 17.7 µm, 9.1 µm). The 
morphometrical features of the D. 
lemmermannii population in Lake Garda, 
which were previously described in Salmaso et 
al. (2015a), were within the ranges reported 
above.  
The ultrastructural analysis of the strains from 
lakes Garda and Como, showed that the 
vegetative cells had quite dilated thylakoids, 
distributed in the whole cell volume (Figures 
1a-c). Polyhedral bodies were normally 
located more peripherally (Fig. 1a, arrow). The 
gas vesicles were widely distributed in the 
vegetative cells of the filaments and they were 
concentrated at the free pole in the apical cell 
of the filament (Fig. 1d, arrows). The terminal 
cell of the filament had a restriction at the 
level of the cell wall separating it from the 
neighbour cell (Fig. 1d). In a number of cells, 
a wide mainly central, quite electron dense 
area, containing strongly electron dense 
granules was observed (Figures 1b, 1c). In a 
few of these cells, some electron-transparent 
spheres appeared within this area, surrounded 
by electron dense granules (Fig. 1b, arrows). 
This central electron dense area was the last to 
be subdivided during the cell division (Fig. 
1e). The akinetes appeared roundish-oval in 
shape and with less numerous thylakoids with 
respect to the vegetative cells (Figures 1g-i). 
Electron dense granules (cyanophycin) 
increased in number (Fig. 1g, arrows). 
Cyanophycin granules are indicated by arrows 
in Fig. 1i. The external envelope of the akinete 
was a layer of medium electron density placed 
on a more internal electron transparent layer 
(Fig. 1h, arrow). In the analysed D. 
lemmermannii strains, no real honeycomb 
structure was observed in heterocytes, where 
also carboxysomes (asterisks) were observed, 
but few thylakoids (Fig. 1f).  
 
Identification of cyanotoxin producers 
 
The 12 D. lemmermannii strains isolated in 
lakes Maggiore, Lugano, Caldonazzo, and 
Starnberger See were unable to produce 
microcystins (MCs), anatoxins (ATX), 
nodularin (NOD), and cylindrospermopsin 
(CYN). No toxin analysis was carried out on 
the strain isolated in Ammersee (FEM_ 
AMDL11) (Table 1). As a preliminary 
analysis, STX production was tested on four 
D. lemmermannii strains isolated in Lake 
Garda in October and November 2014, 
showing negative results. The amplification of 
the mcyE and anaF genes was not observed in 
any of these 13 analysed strains (Table 1). 
These results were consistent with the analyses 
carried out on several isolates from the group 
of large Italian lakes (Salmaso et al. 2015a). 
 All 12 D. lemmermannii strains 
maintained by NIVA-CCA tested negative for 
the amplification of the anaF gene, whereas 
the presence of the mcyE gene was observed in 
5 strains isolated between 1981 and 2000 from 
Norwegian lakes (Table 1). All the strains 
carrying the mcyE gene produced MCs, as 
demonstrated by the positivity of ELISA tests.  
 Partial mcyE sequences (418 bp) from 
NIVA-CCA strains (Table 1) shared a 100% 
similarity to each other. A Blast (NCBI) 
homology search on these mcyE sequences 
showed a 100% similarity to D. 
lemmermannii, a 99% similarity to 
Dolichospermum and Anabaena, and a 75% to 
81% similarity to Microcystis, Oscillatoria, 
and Planktothrix.  
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Figure 1. Transmission electron microscopy (TEM) of D. lemmermannii strains isolated in lakes Garda (a-b; d-e) and Como 
(c; f-i). a: vegetative cell. Dilated thylakoids and gas vesicles (asterisk) are evident. Polyhedral bodies are located more 
peripherally (arrow). Bar = 1 µm. b: vegetative cell.  A wide central, quite electron dense area, containing strongly electron 
dense granules is observed. Within this area, an electron-transparent sphere, surrounded by electron dense granules can be 
observed (arrows). Bar = 1 µm. c: vegetative cell. Central area, more electron dense than that of fig. 1b. Bar = 1 µm. d: 
terminal vegetative cell of a filament. The gas vesicles are concentrated at the free pole in the apical cell of the filament 
(arrows). Bar = 1 µm. e: vegetative cells in division. The central electron dense area still crosses the forming wall. Bar = 1 
µm. f: heterocytes. Carboxysomes (asterisks) can be observed. Thylakoids are rare. Bar = 1 µm. g: akinete.  The thylakoids 
are less numerous with respect to the vegetative cells. Electron dense granules (cyanophycin) are common (arrows). Bar = 1 
µm. h: akinete. The external envelope appears as a layer of medium electron density (arrow) placed on a more internal 
electron transparent layer. Bar = 0.5 µm. i: akinete. Detail of cyanophycin granules (arrows). Bar = 250 nm.  
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Table 1. Strains of D. lemmermannii isolated and cultured from new samples collected in 2015 or obtained from available 
cultures (isolations carried out between 1981 and 2008). MCs and ATX columns indicate the ability of the isolates to produce 
microcystins and anatoxin-a, respectively; mcyE and anaF indicate the results of PCR amplification of MCs and ATX 
biosynthesis encoding genes, respectively. + detected; - not detected; n.a. not analysed. a LC-MS; b ELISA. (*) strains 
included in phylogenetic analyses.  
 
 
     MC ATX 
Isolation 
source 
Strain code Water Body Country 
Country 
code 
Year MCs  mcyE ATX  anaF 
new sampling FEM_MDL1 Lake Maggiore Italy 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_MDL5 Lake Maggiore Italy 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_MDL6 Lake Maggiore Italy 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_MDL7 Lake Maggiore Italy 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_LDL8* Lake Lugano Italy IT_L 2015 – ᵃ – – ᵃ – 
new sampling FEM_LDL10 Lake Lugano Italy 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_CADL2 Lake Caldonazzo  Italy 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_CADL9* Lake Caldonazzo  Italy IT_Ca 2015 – ᵃ – – ᵃ – 
new sampling FEM_STDL9 Stamberger See Germany 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_STDL13* Stamberger See Germany DE_St 2015 – ᵃ – – ᵃ – 
new sampling FEM_STDL16 Stamberger See Germany 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_STDL17 Stamberger See Germany 
 
2015 – ᵃ – – ᵃ – 
new sampling FEM_AMDL11* Ammersee  Germany DE_Am 2015 n.a. – n.a. – 
culture NIVA_CYA696* Nehmitzsee, Brandenburg  Germany DE_Ne1 2008 – ᵇ – n.a. – 
culture NIVA_CYA697* Nehmitzsee, Brandenburg  Germany DE_Ne2 2008 – ᵇ – n.a. – 
culture NIVA_CYA698* Nehmitzsee, Brandenburg  Germany DE_Ne3 2008 – ᵇ – n.a. – 
culture NIVA_CYA83-2* Lake Edlandsvatnet, Rogaland  Norway NO_Ed 1981 + ᵇ + n.a. – 
culture NIVA_CYA266-1* Lake Bergesvatnet, Hordaland  Norway NO_Be 1990 + ᵇ + n.a. – 
culture NIVA_CYA270-2* Lake Arefjordvatnet, Hordaland  Norway NO_Ar 1990 + ᵇ + n.a. – 
culture NIVA_CYA281-1* Lake Storavatn, Lindås, Hordaland Norway NO_StL0 1990 – ᵇ – n.a. – 
culture NIVA_CYA298* Lake Storavatn, Lindås, Hordaland  Norway NO_StL1 1991 + ᵇ  +   n.a. – 
culture NIVA_CYA335* Lake Hallevatnet,Vestfold  Norway NO_Ha 1993 – ᵇ – n.a. – 
culture NIVA_CYA426* 
Lake Storvatnet, Smøla, Møre and 
Romsdal  
Norway NO_StS 2000 – ᵇ – n.a. – 
culture NIVA_CYA438* Lake Steinsfjorden, Buskerud  Norway NO_Ste 2000 + ᵇ + n.a. – 
culture NIVA_CYA462-2* Lake Søndre Heggelivatnet, Akershus  Norway NO_So 2003 – ᵇ – n.a. – 
 
 
Phylogenetic characterization 
 
The phylogenetic relationship of D. 
lemmermannii strains listed in Table 1 were 
determined on the 16s rRNA gene; besides 
these newly sequenced strains, further 
sequences of Nostocales obtained from 
INSDC archives (Table S2) were included in 
the analysis (1001 bp alignment; Fig. 2). The 
new strains isolated in this study and the 
NIVA-CCA strains grouped together in cluster 
I, with most of the INSDC sequences of D. 
lemmermannii. Some D. lemmermannii strains 
formed a cluster together with 
Dolichospermum flos-aquae sequences 
(cluster II). Except for this cluster, overall D. 
lemmermannii formed a distinct clade, 
separated from other Dolichospermum spp. by 
high branch-support value. The strains from 
the Italian subalpine lakes formed a unique 
homogeneous sub-cluster, in which only the 
strain isolated in Lake Maggiore showed slight 
genetic variation.  
 The 16s rRNA gene tree (Fig. 2) 
showed that a few of the MCs-producing 
strains were grouped in the same sub-cluster, 
whereas some of them clustered with non-MCs 
producing strains. However, information about 
toxicity was not available for several of D. 
lemmermannii strains retrieved from INSDC, 
allowing therefore only a partial description of 
the toxic potential of the species. The 
geographical location of the 29 strains 
included in cluster I, is represented in Fig. 3. 
While non-MCs producing strains were 
distributed from northern to southern Europe, 
MCs-producers were confined in Northern 
Europe (Norway and Finland). 
 
Phylogeography of D. lemmermannii 
 
The D. lemmermannii strains included in 
cluster I of the 16S rRNA gene tree (Fig. 2) 
were used for a more detailed phylogenetic 
analysis of the species (the metadata for the 
strains obtained from INSDC are in Table S3). 
The phylogenetic tree (1070 bp alignment of 
the 16S rRNA gene) showed 4 distinct 
subclusters with evident genetic differences, 
far from a central group in which the strains 
were closely related (Fig. 4). Each subcluster 
included strains isolated from the Italian 
subalpine lakes (except Lake Maggiore), New 
Zealand, United Kingdom, and Northern 
Norway, respectively. The main group 
contained strains from Germany, Czech 
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Figure 2. Maximum likelihood tree based on the 16s rRNA gene of 54 Nostocales strains. The tree was rooted on the 
outgroup Cylindrospermum stagnale (NR_102462). Strains from this study are marked in bold. The list of accession numbers 
is reported in Tables 1 and S2. SH-aLRT  > 60 are included. Information on cyanotoxins production of strains from INSDC 
archives was retrieved from references (Henriksen et al. 1997; Sivonen et al. 1992; Rajaniemi et al. 2005) and reported in 
Table S4. ▲MCs producers; ▼non-MCs producers 
 
 
 
Figure 3. Location of the water bodies where D. lemmermannii strains included in cluster I (Fig. 2) were isolated. Detailed 
information on latitude/longitude and cyanotoxins production are listed in Tables 1, S1 and S3. (a) Europe; (b) Oceania. 
▲MCs producers; ▼non-MCs producers; ○ unknown toxicity 
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Republic, Norway, and Finland. The principal 
coordinate analysis (PCoA) based on pairwise 
genetic distances between strains (Fig. 5) 
resulted in a similar clustering pattern as the 
16S rRNA gene phylogenetic tree. Strains 
from the Italian subalpine lakes, New Zealand, 
United Kingdom, and Northern Norway were 
genetically different from each other and from 
those isolated in Central and Northern Europe. 
Both the phylogenetic and PCoA analysis 
approaches, revealed that the strain isolated in 
Lake Maggiore was outside the subalpine lake 
subcluster, and showed a closer relation to the 
central-north European group. 
 The geographic isolation hypothesis 
and the effect of dispersal barrier in the 
differentiation of D. lemmermannii strains 
were examined by applying a Mantel test. The 
results showed a significant correlation 
between the geographic and genetic distances, 
based on both Pearson’s and Spearman’s 
correlations (R = 0.65, P = 0.003; R = 0.49, P 
= 0.0001). To check if New Zealand strains 
affected the strength of the analysis, a Mantel 
test was undertaken exclusively on European 
strains, confirming a significant correlation 
between the geographic and genetic distances 
(Pearson’s R = 0.33, P = 0.0001; Spearman’s 
R= 0.33, P = 0.0002). 
 
Discussion 
 
This study highlighted the existence of genetic 
differences and capability to synthesize 
microcystins among populations of 
Dolichospermum lemmermannii isolated from 
different geographical regions. The 
morphometric characteristics of vegetative and 
specialized cells were slightly variable in all 
the examined populations and reflected the 
typical range of this species. Dolichospermum 
is characterised by a large degree in 
morphological features, especially in 
vegetative cells and the loosening of the 
trichome coiling and morphological changes 
commonly occur in long-term cultivation 
(Komárek and Zapomělová, 2007). Although 
the position of the akinetes at both sides of the 
heterocytes is stable, being a good criterion for 
the accurate characterization of D. 
lemmermannii, this character can be lost in 
cultured strains, which can, in general, lose the 
ability to form heterocytes, akinetes and gas 
vesicles (Komárek and Zapomělová, 2007; 
Zapomělová et al. 2011). 
 The thylakoidal patterns within 
vegetative cells did not contrast with clusters 
derived from molecular sequencing. This 
character can be used to further evaluate 
phylogenetic relations based on the 16S rRNA 
gene in cyanobacterial classifications 
(Komárek and Kaštovský, 2003). The 
Nostocales have a generally uniform 
thylakoidal arrangement, with coiled (wavy) 
thylakoids usually more abundant at the 
periphery of the cells, extending towards the 
centre. Their distribution and aspect depend on 
the light intensity and quality (Komárek and 
Kaštovský, 2003). In line with the basic fine 
structures of Nostocales, the D. lemmermannii 
strains analysed by TEM (lakes Garda and 
Como) showed wavy dilated thylakoids 
distributed in the whole vegetative cell 
volume. Compared with related species, 
particular structural characteristics were 
revealed, as the barely evident restriction at the 
terminal cell, which was more remarkable in 
Anabaena cylindrica (de Vasconcelos and Fay, 
1974). The akinetes, and their external 
envelope, were quite similar to that described 
by Cmiech et al. (1986) in Anabaena solitaria. 
The most striking feature observed in D. 
lemmermannii was a large area of medium 
electron density present in many vegetative 
cells containing electron dense granules. In the 
heterocytes no “honeycomb” structure was 
observed. This structure was also absent in 
Anabaena sp. strain CVST4, a mutant deficient 
of gene FraH, whose function is considered to 
be related to the maintenance of the filament 
compactness (Merino-Puerto et al., 2011). As 
a matter of fact, cells of the cultured D. 
lemmermannii strains were often found 
separated from the filaments, and the reason of 
that may refer to a fragility of the cell-cell 
connection due to a low efficiency of the 
proteins connecting one cell to the other. Such 
arrangement may facilitate propagation in this 
species. The unusual presence of 
carboxysomes in the heterocytes may be 
related to the presence in the Z8 medium of a 
nitrate sources, which may reduce the activity 
of heterocytes themselves and even block the 
development of this cell type, as observed in 
many cultured cyanobacteria strains (Komárek 
and Zapomělová, 2007). The same presence of 
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Figure 4. Maximum likelihood tree based on the 16s rRNA gene of the D. lemmermannii strains included in cluster I (Fig. 2). 
Strain codes based on Country are listed in Tables 1 and S3. 
 
 
Figure 5. Principal coordinate analysis (PCoA) plot based on pairwise genetic distances between 16S rRNA gene of D. 
lemmermannii strains included in cluster I (Fig. 2). Strain codes based on Country are listed in Tables 1 and S3. 
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carboxysomes in the heterocytes (together 
with a reduced presence of the honeycomb 
structure) was also observed in heterocytes of 
Anabaena sp. strain CSAV141 (cox2 cox3) 
with inactivated cox genes (Valladares et al., 
2007:  Fig. 1c). These genes encode 
heterocytes-specific terminal respiratory 
oxidases related to the organization of the 
honeycomb structure (Valladares et al., 2007). 
In this strain nitrogenase activity was impaired 
and we may suppose that the similar situation 
in D. lemmermannii appears when grown in 
presence of nitrate supply in the medium. 
 Five Norwegian strains isolated 
between 1981 and 2000 and maintained in 
long-term culturing at NIVA were MCs 
producers. Toxigenic strains were confirmed 
by the identification of the mcyE gene of the 
microcystin synthetase gene cluster and by 
ELISA. This gene encodes the glutamate-
activating adenylation domain (Tillett et al., 
2000) and is a sensitive marker for the 
evaluation of toxic potential of cyanobacteria 
(Rantala et al., 2006; Mankiewicz-Boczek, 
2012). The D. lemmermannii populations 
located in the Italian and German lakes were 
non-MCs producers, confirming earlier 
findings (Salmaso et al. 2015a). Comparing 
these results with data reported in literature 
(Sivonen et al. 1992; Rajaniemi et al. 2005; 
Salmaso et al. 2015a), MCs production 
emerged as an exclusive ability of North 
European strains (Norway and Finland), 
suggesting a geographical segregation. 
Metabolic differences between strains of the 
same species commonly occur in 
cyanobacteria (Cerasino et al. submitted), and 
are the effect of differentiation processes 
influenced by ecophysiological adaption, 
phylogeny and geographic factors (Kurmayer 
et al., 2015). In Northern Europe, toxic 
populations coexisted along with non-toxic 
populations in lakes of the same regions and 
even in a single lake (Lake Storavatn, Lindås, 
Hordaland, Norway). Kurmayer et al. (2015) 
identified evidences of mcy gene loss in 
Planktothrix by evaluating the presence of the 
full mcy gene cluster and of the mcyT gene; 
the latter occurred in toxic strains and as a 
remainder in nontoxic strains. Similar losses 
can be also speculated in non-toxic D. 
lemmermannii strains as well. As observed for 
Cylindrospermopsis (Cirés et al., 2014), these 
findings suggest a complex evolutionary 
history of cyanotoxin biosynthesis genes, 
which were affected by mutations events and 
horizontal gene transfer. In our work, the 
partial mcyE sequences amplified from MC-
producing D. lemmermannii strains were 
identical to each other and resulted well 
conserved in the genera Dolichospermum and 
Anabaena, whereas a higher degree of 
diversity was observed within the 
Oscillatoriales and Chrococcales, confirming 
earlier observation on the correlation between 
phylogeny and mcy genotypes (Kurmayer et 
al., 2015). 
 Preliminary analysis of STXs on a few 
D. lemmermannii strains isolated from Lake 
Garda showed negative results. On the other 
hand, in literature the production of these 
toxins by D. lemmermannii was only 
suspected, because it was based on the 
collection of environmental samples (Bernard 
et al, 2016). Conversely, the neurotoxin ATX-
a(s) production was observed in a few D. 
lemmermannii strains from Danish lakes and 
was associated with birds poisoning during 
blooms events (Henriksen et al. 1997; Onodera 
et al. 1997). ATX-a(s) was identified by 
mouse bioassay and acetylcholinesterase 
inhibition (Ellman et al., 1961) and the method 
for determination by LC-MS is still under 
progress. Therefore, ATX-a(s) production in 
the strains analysed in the present study cannot 
be excluded.  
 The 16S rRNA gene proved to be 
suitable in the study of the phylogenetic 
relationship of the Dolichospermum genus and 
among D. lemmermannii populations. The 
phylogenetic analysis of the sequences 
obtained in the present study together with 
Nostocales sequences retrieved from INSDC, 
showed a clear separation between D. 
lemmermannii and other Dolichospermum 
species. The strict relationship between some 
D. lemmermannii and D. flos-aquae strains can 
be referred to misidentification due to the wide 
variability of morphological features in natural 
populations and morphological changes in 
cultured strains (Komárek and Zapomělová, 
2007) or to a different phylogenetic lineage. 
This mixed cluster (II) included the 
hepatotoxic D. lemmermannii strain 256 (Lake 
Knud, Denmark) (Henriksen et al., 1997) and 
three strains from East Asia (Japan and 
102 
Mongolia). The strains TAC437 and TAC438 
(Lake Akan, Hokkaido, Japan) (Tuji and 
Niiyama, 2010) were otherwise reported as 
Dolichospermum mendotae by Li and 
Watanabe (2004). The phylogenetic identity of 
this cluster should be clarified, therefore could 
not be used to finely describe the phylogenetic 
structure of D. lemmermannii.  
 The D. lemmermannii strains included 
in cluster I showed high sequences homology, 
and this group contained both MCs producers 
and non-toxic strains. Whether the non-toxic 
strains conserve remnants of mcy gene cluster 
should be verified. Though most of the 
hepatotoxic strains were part of the same 
subcluster, the dependence of mcy distribution 
on phylogeny was hampered by the lack of 
data about several strains from INSDC. 
 Compared with the 16s rRNA, the 
rpoB gene is poorly represented in the INSDC 
archives, thus not allowing to obtain a 
representative biogeographical analysis. 
Moreover, based on the available sequences, 
this gene has a weaker phylogenetic 
resolution. As observed in other housekeeping 
genes (Rudi et al., 1998; Gugger et al., 2002) 
this variability may be due to lateral gene 
transfer between related species, which was 
estimated to affect the 60% of cyanobacterial 
gene families (Dagan et al., 2013).  
 The phylogenetic analysis of the 16s 
rRNA of the D. lemmermannii strains 
comprised in cluster I in Fig. 2 confirmed the 
genetic stability of the populations settled in 
the deep subalpine lakes. Compared with 
observations in other genera (Bittencourt-
Oliveira et al. 2001; Kurmayer and 
Gumpenberger 2006), in this lake district there 
was no genetic variation within a population in 
a single water body and among the lakes. The 
population of Lake Maggiore was slightly 
different from this group demonstrating a 
closer relation with Norwegian strains. In 
summer, the deep subalpine lakes showed 
strong differences in the mean epilimnetic 
temperatures, which decreased from Lake 
Garda to Lake Lugano according to the 
altitudinal gradient. In lakes Maggiore and 
Lugano temperatures were 2 to 3 °C lower 
than other lakes (Salmaso et al., 2012). 
Zapomělová et al. (2010) underlined the high 
variability to temperature adaptation of 
different groups of D. lemmermannii strains, 
including the existence of isolates with high 
temperature optima (between 18°C and 25°C). 
Salmaso et al. (2015a) observed that the 
growth of this species in Lake Garda was 
favoured by higher water temperatures and 
thermal stability. Hence, the genetic 
differences between populations from Lake 
Maggiore and the other subalpine lakes can be 
the result of the environmental selection of 
ecotypes with different temperature optima. 
Moreover, D. lemmermanni blooms have 
never been reported in Lake Lugano (IST- 
SUPSI, 2015). The inability to achieve high 
biomass growth rate in Lake Lugano can be 
explained by water temperature lower than the 
growth optima of this ecotypes and higher 
mixing in the epilimnion (Salmaso et al., 
2012). Increasing temperature due to climate 
change had a key role in the spread of other 
Nostocales, Cylindrospermopsis and 
Aphanizomenon, which reached subtropical 
and temperate regions following south to north 
dispersion routes (Sukenik et al., 2012).  
 Statistical analyses supported the role 
of geographic distance and segregation in 
within-species genetic variation. Similarly to 
the Italian group, a distinct clustering was 
observed for strains from New Zealand, 
United Kingdom and Northern Norway, 
whereas strains from central and northern 
Europe are more closely related. This spatial 
pattern can be explained by founder effects for 
the establishment of this species in the deep 
subalpine lakes, United Kingdom, Northern 
Norway and New Zealand, likely stabilised 
over the years by geographic isolation 
reinforced by physical barriers (e.g. Alps, Sea, 
ice cover). In Central Europe (Germany, 
Czech Republic) and in the southern part of 
Norway and Finland, these effects may have 
been mitigated by multiple colonisation 
events. The probable historical spread among 
neighbouring regions resulted in a dynamic 
process of subsequent integration of different 
genotypes which have led to a homogenization 
of these populations. Overall, in this process, 
environmental selective factors were 
influential in the successful establishment of 
genotypes adapted to particular geographical 
niches. Whether the current distribution 
pattern of D. lemmermannii has ancient or 
recent origin still needs to be disclosed, albeit 
the low degree of genetic diversity among 
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strains suggests a quite recent spread. In Lake 
Garda, the study of subfossil akinetes 
conserved in deep sediments demonstrated the 
establishment of D. lemmermannii during the 
past 50 years, however this evidence couldn’t 
exclude its presence as barely perceptible 
biovolume or previous failed introduction 
events throughout history (Salmaso et al. 
2015b). On the contrary, D. lemmermannii 
was already reported in New Zealand at the 
beginning of the 1900s (Forti, 1907). 
Interestingly, it was first observed in Chatham 
Islands (Lake Huro), which were inhabited by 
European sealers and whalers starting from 
1791 (Chisholm, 1910) and later reached by 
German Lutheran missionaries from Berlin in 
1842 (Holmes, 1993). Therefore, human 
activities as dispersal mechanism driving the 
distribution of D. lemmermannii can be 
speculated, as well as water birds which 
followed migratory flyways across Europe. 
Akinetes ensure the long term survival through 
the ability to resist at low temperature and 
desiccation, and can give an ecological 
advantage serving as dispersal units (Kaplan-
Levy and Hadas, 2010; Murik et al. 2016). The 
possible role of akinetes in the spread in new 
environments was hypothesized for several 
invasive Nostocales species (Padisák, 1998; 
Stüken et al., 2006).  
 In conclusion, the present study 
deepens the phylogeography of D. 
lemmermannii showing its spreading potential 
over dispersal barriers, thanks to adaptability 
to temperature variation. Nevertheless, the 
spatial pattern suggests a high incidence of 
geographic distance and physical barriers on 
the differentiation of genotypes. After 
colonisation events, a coexistence of 
geographic isolation and environmental factors 
may have promoted the establishment of 
ecotypes adapted to specific ecological niches. 
The spread of this species is the cause of 
several concerns. For example, the deep 
subalpine lakes are renowned tourist 
destinations, and highly used for agriculture, 
industry, and drinking water supply (Salmaso 
et al., 2012), hence their economic value may 
be negatively affected by the appearance of 
invasive species. The D. lemmermannii 
populations settled in this lake district tested 
negative for the production of a wide range of 
cyanotoxins. However the ability to form huge 
surface blooms has many implications for 
water management, tourist attractiveness and 
economic value (Dodds et al., 2009). 
Furthermore, the identification of MCs 
producers D. lemmermannii throughout 
Northern Europe and the dispersion ability of 
this species raise an issue on the appearance of 
harmful algal blooms in other temperate areas.  
 
Experimental procedures 
 
Isolation and morphological characterization 
of Dolichospermum strains 
 
The new strains analysed in this work included 
individuals isolated from Lake Maggiore and 
Lugano, which are the largest lakes south of 
the Alps together with lakes Garda, Iseo, and 
Como (Salmaso and Mosello, 2010) (Table 1). 
Further strains were isolated in the alpine Lake 
Caldonazzo in Northern Italy, and in two 
neighbouring pre-alpine hardwater lakes in 
Southern Germany, i.e. Ammersee and 
Starnberger See, where D. lemmermannii was 
formerly observed in the early 2000s (Teubner 
et al., 2003) (Table 1). In these lakes, water 
samples were collected in 2015 in summer and 
early autumn (from July to mid-November) in 
the deepest point of the basins, by vertical 
tows from 30 m to the surface with 25 cm 
diameter 80 µm mesh plankton nets. Samples 
were stored at 20°C and processed within 24 h. 
Single trichomes of D. lemmermannii were 
isolated under a macroscope (WILD M420) 
using a microcapillary. The filaments were 
washed 3-4 times in Z8 medium (Kotai, 1972) 
and put in wells on microtiter plates filled with 
3 mL Z8 medium. The successfully grown 
strains were then transferred 2 times and 
maintained in 300 mL CELLSTAR (Greiner 
Bio-One GmbH) cell culture flasks containing 
150 mL Z8 medium, at 20 °C under 16:8 h 
light:dark photoperiod (25 µmol m-2 s-1). 
Species were determined on the basis of 
morphological traits according to Komárek 
and Zapomělová (2007). The dimensions of a 
minimum of 25 vegetative cells, heterocytes 
and akinetes in D. lemmermannii cultures were 
measured for each lakes, using a LEICA 
DM2500 light microscope. 
 Besides the above new 13 strains, 
further 12 D. lemmermannii strains maintained 
by the NIVA-Culture Collection of Algae were 
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analysed. This group included individuals 
isolated between 1981 and 2008 in Lake 
Nehmitzsee (Northern Germany) and in 8 
lakes located in different Norwegian regions 
(Table 1). 
 The ultrastructural morphological 
characterisation was carried out in two D. 
lemmermannii strains isolated in lakes Garda 
and Como in October 2014 by TEM 
(Transmission Electron Microscopy). The 
samples of D. lemmermannii were collected 
together with some of the growth medium and 
fixed overnight in 1.25 % glutaraldehyde at 4° 
C in filtered sea water, then post-fixed in 1% 
OsO4 in 0.1 M phosphate buffer (pH 6.8) for 1 
hr. After dehydration in an ethanol series and a 
propylene oxide step, the samples were 
embedded in Spurr’s epoxy resin (Spurr, 
1969). At each step the cells were sedimented 
with a 5 minutes centrifuge step at 1500 g and 
only the sediment was used for the following 
step, in order to substitute safely the various 
solvents with micropipettes without losing 
cells. Transverse sections approximately 80 
nm thick were cut with a diamond knife and a 
Reichert-Jung ULTRACUT ultramicrotome. 
The sections were then stained with uranyl 
acetate, lead citrate, and then examined with a 
Philips EM300 TEM at 80 kV.   
 
Cyanotoxins analysis 
 
For the determination of intracellular 
concentration of cyanobacterial toxins, 100 
mL of each growing cultures were filtered 
through 1.2 µm GF/C filters (Whatman - GE 
Healthcare Life Science) and frozen at -20°C. 
Cyanotoxins were extracted by water:methanol 
30:70 v/v - 0.1% formic acid solution, 
according to Cerasino et al. (2016). The 
analysis of toxins extracted from filtered 
cultures was performed by liquid 
chromatography-mass spectrometry (LC-MS), 
using a Waters Acquity UPLC system coupled 
to a SCIEX 4000 QTRAP mass spectrometer 
equipped with a turbo ion spray interface. The 
analysis was performed for microcystins 
(MCs), anatoxin-a (ATX), nodularin (NOD), 
cylindrospermopsins (CYN), and saxitoxins 
(STX). 
The LC-MS protocols for MC, NOD, ATX, 
CYN are described in details in Cerasino and 
Salmaso (2012) and Cerasino et al. (2016). 
The protocol for STX was adapted from 
Dell’Aversano et al. (2005) and was conducted 
using an Ascentis Express OH5 (2.7 µm 
particle size, 50 x 2.1 mm) column (kept at 20 
°C) (Cerasino et al. submitted). Quantification 
was performed using calibration curves 
obtained with commercially analytical 
standards MC (RR, [D-Asp3]-RR, YR, LR, 
[D-Asp3]-LR, WR, LA, LY, LW, LF), ATX 
(Tocris Cookson Ltd), NOD-R, CYN (Vinci 
Biochem), GTX1/4, C1/2, NeoSTX, GTX5, 
STX and dcSTX (NRC-CNRC, Canada). The 
limits of quantitation (LOQ) were between 0.5 
and 10.0 ng mL-1 (MC congeners), 3.0 ng 
mL-1 (NOD-R), 0.5 ng mL-1 (ATX), 4.0 ng 
mL-1 (CYN), between 5.0 and 30.0 ng mL-1 
(STX congeners). 
 
Genomic DNA extraction, PCR amplification 
and sequencing 
 
Fresh culture material from each strain (50 
mL) was collected as described in Salmaso et 
al. (2015a) and stored at -20°C. Genomic 
DNA was extracted from the cell pellet using 
Glass beads-acid washed (212-300 µm; 425-
600 µm) (Sigma-Aldrich CO., MO, USA) and 
the E.Z.N.A. SP Plant DNA Kit (Omega Bio-
Tek Inc., GA, USA). 
 PCRs were executed on an Eppendorf 
Mastercycler ep (Eppendorf AG, Germany) 
using the DyNazyme II DNA Polymerase 
enzyme (Thermo Scientific). The 
amplification of the 16s rRNA gene (ca. 1700 
bp) was performed with the primers pA 
(Edwards et al., 1989) and 23S30R (Taton et 
al., 2003) as previously described (Gkelis et 
al., 2005). The rpoB gene (ca. 580 bp) was 
amplified with the primers rpoBanaF and 
rpoBanaR (Rajaniemi et al., 2005), following 
PCR conditions and protocol reported in 
Salmaso et al. (2015a). 
 Amplified products of 16s rRNA and 
rpoB genes were purified by Exonuclease plus 
Shrimp Alcaline Phosphatase (ExoSAP) and 
sequenced using a BigDye Terminator Cycle 
Sequencing technology (Applied Biosystems, 
Germany), according to the manufacturer’s 
instructions. The 16S rRNA gene was 
sequenced with the internal primers 16S544R, 
16S1092R and 16S979F (Rajaniemi-Wacklin 
et al., 2006), whereas the sequencing of the 
rpoB gene was performed with the same 
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primers used in the PCR. The purified 
products (Agencourt CleanSEQ® Kit, 
Beckman) were run on an Automated 
Capillary Electrophoresis Sequencer 3730XL 
DNA Analyzer (Applied Biosystems, 
Germany). The sequences were analysed by 
Chromatogram Explorer 3.3.0 (Heracle 
Biosoft) and forward and reverse strands 
assembled using the Contig Assembly 
Program (CAP) in BioEdit 7.2.5 (Hall, 1999). 
After formatting with Sequin 15.10 (NCBI), 
final sequences were deposited to the 
European Nucleotide Archive (ENA) under 
the accession numbers listed in Table 1. 
 The isolated strains were also checked 
by PCR for the potential production of MCs 
and ATX. The presence of the mcyE gene, 
which is part of the microcystin synthetase 
gene cluster, was determined using the primer 
pairs mcyE-F2/R4 (Rantala et al., 2004), as 
described previously (Shams et al. 2015). The 
presence of the polyketide synthase (anaF) 
gene of the ATX cluster was screened using 
the atxoaf and atxoar primers (Ballot et al., 
2010, 2014) and Anabaena 37 (UHCC) as 
positive control (Rantala-Ylinen et al., 2011). 
 
Analysis of NIVA-CCA strains 
 
Fresh culture material was collected and 
genomic DNA was extracted according to 
Ballot et al. (2014). The 16s rRNA gene was 
amplified with the primer described in Ballot 
et al. 2010. PCR conditions and sequencing 
are described in Ballot et al. (2010). The rpoB 
gene was amplified and sequenced as reported 
above. 
 The same strains were tested for the 
presence of mcyE and anaF genes by PCR, 
using primers and protocols described above. 
In the strains that showed positive 
amplification, the mcyE gene was sequenced 
using the same primers as for PCR. All the 
amplified genes were sequenced on an ABI 
3100 Avant Genetic Analyzer using the 
BigDye Terminator V.3.1 Cycle Sequencing 
Kit (Applied Biosystems, Applera 
Deutschland GmbH, Darmstadt, Germany). 
Sequence data were submitted to ENA under 
the accession numbers reported in Table 1. 
 All the 12 strains were analysed for 
MCs content using the Abraxis 
Microcystins/Nodularins (ADDA) ELISA Kit.  
 
Phylogenetic analysis 
 
The phylogeny and taxonomic position of the 
D. lemmermannii strains were analysed using 
the 16S rRNA gene (Fig. 2). Overall, among 
the 13 strains isolated in this study and the 4 
strains described before by Salmaso et al. 
(2015a), only one for each lake was chosen for 
the analysis. Conversely, all the 12 NIVA-
CCA strains were included (Table 1). 34 
additional Nostocales sequences (Table S1) 
from INSDC were included in the 
phylogenetic analysis of the 16s rRNA and 
Cylindrospermum stagnale PCC 7417 
(NR_102462) was used as outgroup. The 
analysis was entirely realized by R software (R 
Core Team 2013). Sequences were first 
aligned using MUSCLE (Edgar, 2004), 
whereas poorly aligned positions and 
divergent regions were removed by Aliscore 
(Misof and Misof, 2009); finally, sequences 
were trimmed to equal length (1001 positions 
alignment). Phylogenetic trees were computed 
by Maximum Likelihood (ML) using PhyML 
3.1 (Guindon et al., 2010) and approximate 
likelihood-ratio test based branch support 
(aLRT, SH-like; Anisimova and Gascuel 
2006). The best-fitting evolutionary models, 
evaluated by the phymltest in the R package 
ape (Guindon et al. 2010; Paradis et al. 2004), 
indicated HKY85+I+G as the best substitution 
models for the 16S rRNA alignment. 
 Additionally, the phylogeny of D. 
lemmermannii was investigated by aligning 
the 16S rRNA gene sequences (1070 bp) of 29 
D. lemmermannii strains included in the 
previous tree, which sequences showed high 
homology (Tables 1, S3; Fig. 4). The unrooted 
tree was computed by ML as described above. 
 
Statistical analysis 
 
The selected 29 strains were used to explore 
the biogeography of D. lemmermannii by 
statistical analysis (R software) (Figures 4, 5). 
A data set with 16S rRNA of 1070 positions 
was used to compute a matrix of pairwise 
distances from DNA sequences by applying 
the K80 evolutionary model, and a principal 
coordinate analysis (PCoA) was performed 
(package ape; Paradis et al. 2004). The spatial 
location of each strain was visualized on a 
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map, plotting longitude and latitude variables 
by the package ggmap (Kahle and Wickham, 
2013). Dissimilarity matrices of the 
geographic distances and genetic distances 
between strains were computed by, 
respectively, packages gdistance (van Etten, 
2015) and ape (K80 model; Paradis et al. 
2004). A Mantel statistic, based both on 
Pearson’s and Spearman’s correlations, was 
applied to evaluate the significance of the 
correlation between the two dissimilarity 
matrices, using the package vegan (Oksanen et 
al., 2015). 
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